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FOREWORD 



A Bodng 747 jranfeo Jet aj^ix^ditng tfce Aisdiorage Merm&omd Akp<xt, Al:^ka, on 
December 15, 1989, lost power to all four engines and nearly crashed as a result of flying 
through volcanic ash erupted from Redoabt Volcano. In separate incidents in 1982, two 
{xmsamAd jmnhi j&ts en rotite to Aastraia mta^ Mdmmz siifFered io^ of er^ae ftmst 
from ingesting volcanic ash from the erupting Galunggung Volcano, Java, and descended 
more than 20,000 ft before the engines couid be restarted. These are not the only incidents 
of this kind. During the pa« 1 5 yesis, ^bcmt ^ eommetcM jet aircraft have suffered dam- 
age from inadvertently flying iirto ash clouds tihat had drifted tens to hun<ireds of miles 
from erupting volcanoes. 

The U.S. Geological Survey (USGS) has been involved in research on geologic haz- 
ards, such as volcanic eruptions and earthquakes, since its earliest days. With the Disaster 
Relief Act of 1974, the USGS was given formal responsibility "to provide technical assis- 
tance to State and local goveramente to ensure that timely and efifedive disaster warning is 
provided" for all geolopc hazardb. Addressing the threat of volcanic ash to aircraft s^ety, 
however, requires far more than Ihe monitoring of volcanoes and warning of erupting ash 
clouds by the Survey. The ash wmt be tmxi mi its likely trajectory must be forecast; air- 
craft must be alerted, and proper evasive acai<ms must be taken by pilots. Agencies such as 
tihe National Wester Service and Nationa} Environmental Satellite Data and Information 
Service (both part of the National Oceanic and Atmospheric Administration), the Xational 
Aaonautics and Space Administration, and the Federal Aviation Administration are part- 
ners critical to fihe »»xess of tihis mission. Hie Intemati<mi Civil Aviation Oxgsmz^m, 
various pilots' assod^ons, air carried, aircraft manu&cterers, aad maaiy oixers are 
important as well. 

The Redoubt encounter spurred government and university scientists, pOots, and repre- 
sentatives of the aviation industry to work together to reduce the hazards caused interna- 
tionally by volcanic ash. As a result of the concern generated by the Redoubt eruptions 
and associated aircraft eajcoanters, ^ Fksi lEtomtioaal Syno^pc^iian m Vokaaic Ash mi 

Aviation Safety was held in Seattle, WashingtOTi, July 8-12, 1991. His volume contains 
the proceedings from that meeting. 
Volcanologiste aiKi flje sabjea of volcanic ash clones are relatively new to discussions 

of aviation hazards. As a result, the various parties concerned with the hazard have had to 
set up new communication channels and to bridge substantial differences in organizational 
caJtoe and professional language. The Seattle symposium in 1991 alerted and educated 
many about ash hazards to aviation. More importantly, it started a serious dialogue that 
resulted in a series of follow-up workshops, improvements in the detection and tracking of 
ash clouds, and revised warning and response procedures. These are the actions that will 
be needed if the hazard of asb in airways is troiy to be mitigated. 




Dallas L. Peck 

U.S. Geological Survey 

Director, 1981-1993 
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INTRODUCTION 



By ThoHias J. Casadevall 



Volcsak asli fix>m iie 1989-90 ®B^tos of Recioii>t 
Volcaao disrapted aviation ofienrticKQs ki swit-coatral 
Alaska and damaged five jet passenger aircraft, inctading a 
new Boeing 747-400, which cost in excess of $80 miilion to 
repair (Steenblik, 1990). Tlie Redoubt enqrtiois served to 
increase interest by the aviation community in volcanic haz- 
ards and made it clear ftat mitigating the hazards of volcanic 
asdh to aviation safety would require the cooperation and 
efforts of voicanologists, meteorologists, air traffic manag- 
ers, engine and airframe manufacturers, and pilots. 

Soon after the December 1989 eruptions of Redoubt, 
Senator Ted Stevens of Alaska requested Uiat Federal agen- 
cies form an interdepartmental task force to develop and 
coordinate both an immediate and a long-term response to 
the Redoubt eruptions. In March 1990, in response to this 
request, the U.S. Geologicai Survey, the Federal Aviation 
Administration (FAA), and the National Oceanic and Atmo- 
^iteric Adminitotion (NOAA) fonned aninteragency ta^ 
group and began planning for an international technical sym- 
posium to review the availabie informatioQ ^khK vokanic 

ash hazard, botti domestically and internationally. This inter- 
^mcy gw]^ ri«aived strong support fttaa the aviaticm com- 
munity, and tfee Federal agencies were sooBjcriued by the Air 
Line Pilots Association (ALP A), the Aerospace Industries 
Association (AIA), the Air Transport Association (ATA), 
the Flight Safety Foundation (FSF), and the American Insti- 
tute of Aeronautics and Astronautics (AIAA). An important 
early result from this cooperation was the "First International 
Symposium on Volcanic Ash and Aviation Safety," to 
address the effects of volcanic activity on aviation safety in 
a multidisciplinary way and at a global scale. The aims of the 
symposium were: to bring together individuals who were 
iitesa^ed IIS the vo!<»aic ash problem but who may have 
been unaware of other scientists, engineers, pilots, and avia- 
tion authorities with similar interests; to encourage and 
define ne«J«d improvejnents in iie detectsoh, tracking, and 
warning of volcanic ash hazard so that aircraft may avoid ash 
clouds; and to review the effects of volcanic ash on aircraft 
so that pilots who etKxsuster cas r^pond aipxtpd^y. 
The symposium vras i^id in Seatfie, Wash., fix>m luiy 8-12, 
1991. 



He symposiwn was attended by more than 200 partic- 
ipants from 28 countries, representing the major air carriers, 
airplane and engine manufacturers, pilots and aviation safety 
organizations, air traffic m^sageis, raeteoroiogists, and voi- 
canologists. More tJxan 1<K) technical presentations were 
made during the symposium, including a special session on 
the effects on aviation qperations of the June 15, 1991, erup- 
tion of Mt. Pinatubo in the Philippines (Casadevall, 1991). 
Field trips to the Federal Aviation Administration air traffic 
control facility in Auburn, Wash., to the Boeing 737 assem- 
bly plan* in Rentcm, W^h., atid to the Mount St. Helens 
Natiswal Yoteanic Monument gave participants: the opportu- 
nity to view flte volcanic hazard-aviation problem from sev- 
eral perspectives. Such broad participation demon^rated a 
cl©ar iftswi aiKi wicte support for a meetij3g of ftis Qrpe. 

In the past 15 years, more than 80 jet airplanes have 
been damaged owing to uii>lanned encounters with drifting 
cl<mds of vdcastiic iA in air rcHites jbmI at airj^rte. Seven of 
th:^ eEU»iJ6Btars cau^ in-f%M loss of jet engine power, 
wMch n^y routed in tihe csrssh of the airplane. The repair 
aM .rqpliK^mt.:Cos^. .^socJated..wMi .atiplaiie-ash. cloud 
encounters are high and, to date (May 1994), have exceeded 
S200 million. In addition to the high economic costs of these 
eiKKJUtJters, more tiian 1,500 passeogers ^oard tte seven 
airliners that t^i^rarily lost power were |Hit at 

severe risk. 

The hazard is compourKied by the fact tisat volcanic ash 
clouds are not detectable by the present generation of radar 
instrumoitatjon carried aboard aiicrafl and sae not likdy to 
be d^;tid^ in &e iom^ss^ Mm&. Gomfiete avoidbnce 
of volcanic ^h clwids is the only procedure ftat guarantee 
fl^t safety, and this avoidance requirss commuaicatioti 
betw(^ the pibt and olserveR oatside the aircraft. 

Since the Seatfie ranting, eroptions at Pinatubo, 
Sakurajima Volcano (Japan), Pacaya Volcano (Guatemala), 
Galeras Volcano (Colombia), Hudson and Lascar Volcanoes 
(Chile), Mt Sp«iT (Alaska), Nyamaragira VoI«fflo (Zaire), 
Sheveluch Volcano (Russia), and Manam Volcano (Papua 
New Guinea) have further disrupted air traffic, damaged air- 
craft in flight, aid delayed flints and oirtailed operations at 
a number of airports. The issue of volcanic hazards and avi- 
ation safety continues to be timely and in need of more effort 
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if we are to improve the aiaigiit of fligixt safety in tiie pres- 
ence of volcanic ash. 



ISSUES AND NEEDS 

Dssing the symposium, (fiscu^iom focus^ m fte fol- 
lowing technical areas: the 1989-90 Redoubt eruptions and 
their impacts on aviation qsemtions, the nature of volcanoes 
and their as& cioads, the effecis of volcanic asS on aircraft, 
methods and procedures of commimicating the ash-cloud 
hazard to pilots, the role of meteorology and the use of atmo- 
spheric models to forecast doiid movement, and del«ction 
and tracking of ash clouds. This volume contains reports for 
60 of the 108 technical presentations made daring the sym- 
posium. The papers preser^ ^xmt ftw^ Redotdjt eruptions 
have l>eei published elsewte«<pVilBr aid Choi^t, 1994). 

In addition to the technical presentations, symposium 
discussions identified a number of key issues and needs that 
pastiapaBte fdit aaM-be^addtesseim ©rte'to^tnitig8te"|b(e 
vdc^c fe^ to aviate sal^. imlnSsi: 

1. Improved communications among volcano observers, 
meteorologists, air traffic controllers, flight dispatch- 
ers, and pilots about drifting ash clouds, including 
mmediate BotMoiiaQ of volcamc «m|^cms to pim. 

2. Improved education of pilots, flight managers, md 
manufacturers about the ash-cloud hazard, inclada^ 

3. feqsroved detecti<m md tsaclcng of sSt-iSmd move- 
ment using remote-sensing tedmiqiMs and atmo- 
spheric-transport models. 

4. In^Hoved moa^smg of tl«s Eardi's active vcis^mm., 
especially in ^ Aioi^^SDeKaiiKl^tka-lwmrile 
volcanic region. 

5. New methods for eruption identification and ash- 
ct<»i<i detectioa. 

6. . Develq»aei« of isostreai^ fliat will enable pilots to 
detect ash clouds while in fll^t, especially useful 
wiiea flying over remote, usmonitored regions of the 

7. Devdqanent of better methods to mnove and chm 
asii fiom airplanes and airports. 

8. Detomination of minimum levels of ash concentra- 
ti<»i Hiat are C3|j^ of dam^iig smuaSt m& m^es. 

9. I>evd[<^»Eent of a worldwide notification system and 
cleariE^oase for infoimatioE about active volcanoes, 
inchKfiiig plaaniag dbaits to liiow tbe locarticm of vd- 



DEVELOPMENTS SINCE THE 
SYMPOSIUM 

A mBrfjffir of ad hoc working groups were formed fol- 
lowing Ae symposium to examine these topics and have pro- 
duced significant progress on many of these technical issues. 
Acccsnplisteiwits include: 

1. A training video for pilots entitled "Volcanic Ash 
AvoidaEce," pro<toced by tihe Boeing Company in 
coopeiati<ffl wi& the Air Line Pfl^ Assodbiicm and 
the U.S. Geological Survey (Bosk^,Qemg^i:i9^). 

2. An international workBhc^ on commwiic^<»s 
among volcanologists, aeteoroiogists, air teajffic naaa- 
agers, and pilots was heW in WiMhingte, D.C., in 
S^tember 1992. 

3. As FAA review on aviation safety as affected by vol- 
canic ash (FAA, i993a). 

4. A workshcf on the dynamics and char^tOTstics of 
the sA dcmds ^cm i» 1992 er^bEs of ML Spm 
was held ,i§:\^a^a^tos, |5.!C.,. to Ai38dl .l993 (FAA, 
1993b]. 

5. All' iSemationa! woilcshop m volcanic ash and air- 
ports was held in Seattle, Wash. (Casadevall, 1993). 

6. New communications links with Russians for warn- 
ing ai^ Mom^m iixM i&^chaican volcanoes, 
which underlie the increasingly busy air routes of the 
north Pacific region, were established in 1993 {Miller 
aM Kiriffliov, 1993). 

7. An interagency plan for volcanic ash episodes in 
Alaska was put into effect by the FAA, NWS, USGS, 
Department of Geietm, md ibe «f AMa ia 
1993 (Alaska Interagency Operating Plan, 1993). 

8. A global planning chart showing the position of active 
volcanoes relative to air routes and air imv^atioa ai^ 
was puWished (Casadevai and Tkmpsoo, 1994). 



IMTEENATiOHAL EEiPCMlTS 

Since 19^, fte IntematicHial Civil Aviation Ocgmba- 
tion (IC.AO) has worked to address the volcanic threat to avi- 
ation safety worldwide (Fox, 1988, this volume). This threat 
cameto widtepuMfc ateiiionisEi i9^-wbmtwo 747 passen- 
ger jets encountered ash at night from separate eruptions of 
Galunggung Volcano in Indonesia. In these incidents, volca- 
nic ash extensively damaged exterior surfece^ ia^ntmoite, 
and engines, resulting in the loss of thrust and powerless 
descents of nearly 25,000 feet before the pilots of both air- 
craft restarted their engts^ and laacbd ^ely at Jakarta 
(Smith, 1983). The Galun^ung encounters occarred for two 
Twm reasoiB. First, the pilote were unable to see the ash or 
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ond, no warnings about the activity of the volcano were con- 
tained in the aeronautical information generally available to 
0IIM, such as notices of sigaMcaitf meteorological 
events — SIGMET's — or in notices to airmen — NOTAM's. 
These incidents led in 1982 to the foimation of a volcanic ash 
warning group under IeaderdH|*:;<rf!tii©.JK-AO. 

Eruptions and aircraft encounters wiflj ash clouds dur- 
ing the past 15 years have prompted several other important 
Btemtional efforts to mitigate the volcanic hazard to avia- 
tion safety. Because volcanic ash clouds are carried by 
upper-level winds and often cross national boundaries as 
well as boundaries s^w^ag flight-informatfem f^^mi 
efficieat and px>mpt comiBMWcatiojss between regkais me 
essentia! to avoidiiig encouzeto. Ihft May 1985 enomntsr 
between a jumbo jet sad m iesh cloud from an eruption of 
Sopui^n Volcano k Mdbn^a piomp^ ti^e Indk»i^im and 
Australian govenmenis to ftam a biisteral vokaaslogical/ 
airspace liaison committee to improve communications 
abost voicauic es^^om m the latoesian region (Johnson 
asd Casackvali, tfcis volume), in Norfe America, driftii^ ash 
cloads from the 1989-90 eraptions of Redoubt Volcano, and 
tfae 1 992 e«q>tioas of Mt Spun, sent ash clouds over Canada 
and disrupt^ operaifoiB ia Caxs&m air^^e. Th^ inci- 
dents prompted establishment of closer bilateral communi- 
catiotis between Canadian and U.S. agencies including 
vokasoI(^^ iTCteoec^lops^ and m ti^affic controlim 
(Hickson, this volume). 

In 1988, ICAO member states adopted regulali<ms to 
provi<fe derte to pil<^ abosrt eruptive activty wortdwide. 
These efforts included a special volcanic activity report form 
(VAR), which requires that pilots make a number of critical 
ol^ien^^bsK $bovA & tcK^^n, ^biag, mi mm@ of an ■^k 
cloud. This information is communicated directly to the 
nearest area control center and is introduced into the commu- 
m<»tlo]i n^oik so ii^ <^lisr atimft avmd airspace 
contaminated by volcanic ash (Fox, 1^8, J&;v!d«me). 

Also in 1988, the World Ox^smzs^im of Volcano 
Oteorv^ories (WOVO), in cooper^ion wMi }CAO and wifli 
the International Association of Volcanology and Chemistry 
of the Earth's Interior (lAVCEI), requested WOVO member 
institttticsQS to esl^feb ixs^sadts wiNb dvil avi^sbn authori- 
ties to improve communications between ground-based 
observatories and air traffic in order to minimize the volca- 
nic hmseis to aircraft Currently, WOVO is examining ways 
to improve the exchange of information between observato- 
ries and agencies concerned with aviation operations, iaclud- 
ing the use of electronic mail (Riehle a»i Fisk, 1993). 

Following the 1991 Seattle symposium, ICAO 
addressed the volcanic threat to aviation safety at regional 
meetings in Bangkok (September 1992) and Mexico CSty 
(October 1992). Is Novsnber 1992, changes to the intema- 
ti<ml slandwis mi t&xmmoBA^d {^a^ces for meteorok^- 
i<ai ^via»«^A^, l^^-wetrt hfl© effect; fl»e-'cte®es- 



relate to the types of information about volcanic clouds that 
are entered into aeronautical communications networks 
using the SIGMET medianism. The new regulations require 
that a volcanic advi^^ry forecast Ixt mwsd every 4 Imrs 
regarding the mtas of a volcanic cloed, wife a 1 2-how f«s»- 
cast of ash-cloud behavior. 

Information for these advisories could come from many 
sources, but would most likely come from analysis of satel- 
lite wai^^m asE^ysis of ash-cloud movement using 
atmospheric-transport models (Stunder and Heffter, this vol- 
ume; Tanaka, this volume). For example, an important 
source of informstiaa for feese volcanic advisories for fee 
Southwest Asia region is fee Darwin Regitmal/Specialis^ 
Meteorological Centre, estal>Mied in 1993 by tite Aoi^ratian 
Btffeati df Mete(aol<%y. The Datwin center utilizes satellite 
imagety to provide outlook ddvistay isi<ma^m about fee 
occurrence ar^ movement of ^ ck>u<^ fiom erupticms in 
the Indonesian region. The center also serves as a venue for 
training meteorologists from fee Aaaa region about detec- 
tioa md trswMng of volcanic ash clouds so ofeer coanMes in 
the region might carry out similar analysis at the local level. 

Tq fiajiigr .«^i^. IC;AQ pi^i^sr ,^ates in m^tiag. fee 
requirements for more detailed advisories, ICAO established 
a special implementation project to member states with 
active volcanoes as well as to feose states re^onsible for 
flight iafbmtaticaj ia r^ioas su^cent to areas wife active 
volcanoes. Through this project, an ICAO team consisting of 
a-volcanoiogist and an aeronautical meteorologist visited 
countries k fee Asia-l^cific region in 1992-93 (Osa^vali 
and Oliveira, 1993) and the South American region in 
1993-94 to advise on methods for meeting the new ICAO 
reguktions. Utenew ^^ikt^tm shtmld r^dt m tmrn tapd 
and clearer communications alKWt volcanic aish clmis to lie 
aviation community. 

In additim to ih^e bilateral efforts to improve fee 
speed and quality of information, several countries have 
addressed ^ciic volcanic threats to aviation operations by 
applying existing tedmology mi by i^ddng to ^velop new 
methods and equipment for ash detection. For example, in 
1991, scientists and aviation authorities m Japan installed 
specialized seismic and isfrascndc detectors at Sakmajima 
Volcano to detec* ^^It-producing eraptions. Results from 
feese sensors soe ccmtinuously transmitted to nearby 
Kagssiama Airport to p«>vMe real-time aotificatte of 
explosive eruptions that threaten airport operations (Kamo 
and others, feis volume; Onodera and Kamo, this volume). In 
another example, scientists in Australia are seeking ways to 
supplement information that is available to the pilot by 
developing an ash-detection sensor that can be carried 
onboard the aircraft to detect fee presence of ash in the flight 
pafe (Barton and Prata, this volume; Prata and Barton, tMs 
volume). Such a sensor wodd be ^semSy v^j^le fot 
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monitored and where groimd-based c^niminications are 
poorly established. 



EFFORTS IN THE UNITED STATES 

Hie United States has approximately 56 volcanoes with 
historical eni^ve activity; 44 are located in Alaska. The 
U.S. Gmlisgksat Harvey (EJSK3S) is Ute pmnap&f Prferal 
agency with responsibility for assessing volcanic hazards 
and monitoring active volcanoes in the United States 
(Wright mdfietson, !9%). TTiis woric is atrried mt 
rily from volcano observatories in Hawaii, Alaska, Csdifor- 
nia, and Washington. For example, the Alaska Volcano 
Ob^rratory monitors the activity of volranoes in fte Cook 
Inlet area, including Redoubt and Spurr. Continuous seismic 
and other monitoring of these volcanoes, day and night, in all 
seasons and wreather conditions, enables vokanologists to 
detect eruption precarsors as well as eruptions themselves. 
Eariy detection of eruptions and prompt communication of 
ta$ infoimation to the FAA and to the National Weather Ser- 
vice offices in AiK^hor^ are an essential part of tihe role 
played by USGS scientists in mitigating the ash hazard to 
airoraft. 

The Natiojsal 0<»anic and Atmospheric Administration 
(NOAA) and the Federal Avkticai A(faifefctedon (FAA) 
also have responsibilities for dealing wjfli Ae hazard of vol- 
canic ash clouds that affect aviaticm opmtioiis in the United 
States. Cooperation between these two agencies was formal- 
ized shortly before the December 1989 eruption of Redoubt, 
when a memorandum of understanding between tihe agencies 
created a volcanic hazard alert ami and estabii^ed proce- 
dures to respond to volcanic eruptions affecting air opera- 
tions in the United States. Since 1989, these procedures have 
bees activated for ei^t volcanoes in ise Unit^ States (J. 
Lynch, NOAA-SAB, written common., March 1993). In 
1993, a letter of agreement betweea tie USGS and NOAA 
attempted to speed fee ©cchange of inf<»ma*i<») tliat notifies 
the aviation community of ash-cloud hazards and formalized 
the de facto collaboration between these agencies that has 
existed since the Redwibt eR5pti«as. 

The principal tools used by NOAA for assessing volca- 
nic activity are analysis of data from satellites (Kraegorand 
others, this volume; Matson and others, this volume) and 
wind-field data, which enables the forecast of drifting ash 
clouds (Murray and others, this volume; Stunder and Heffter, 
ftis volame). Since 1990, the National Weather Service 
office in Anchorage has implemented several new tech- 
slqses for detecting and trackfeg vofcaaic a* clouds from 
volcanoes in the Cook Inlet and Aleirtian regions (Hufford, 
this volume). These efforts are irtfegr^ed with the monitor- 
ing efifom of Alssfei Vokano Oteervatoiy md witih the 
air-liaifio-CMfcel^fets ©f fee FAA^ Tl» FAA, ^ferm^ ite 



area control centers, has the primary responsibility for com- 
municating with pilots and for providing NOTAM's. 

FoHowii^ tlw 1989-^ eruptions of RedoiAt, fee 1992 
eruptions of Mt. Spurr also had an important impact on avi- 
ation, affecting operations in Alaska, Canada, and the con- 
tomiiK^ Uafted (Ala*a Voicano CXjservatary, 

1993). Ashfall from the August 18, 1992, eruption of Mt. 
Spurr deposited from I to 3 mm of ash in Anchorage and 
caused Anchorage airports- to cmtmi qpaiations f<x sevmi 
days (Casadevall, 1993). The cost of airport cleanup alone in 
Anchorage from the August 18 ashfall was more than 
$650,000. The ash cloud from the September 17 enipdon 
disrupted air traffic routing around the volcano — 2 days later 
it disrupted air routes over western Canada and in the con- 
gested air ccoiidOTS of fJie northeastern United States. Fortu- 
nately, feere were ik> encounters betsveen aircraft and the 
drifting Spurr ash cl<mds. Ihe lack of damaging encounters 
following the Spurr eruptifflns reflects ij»8ased awareness 
about the hazards of art <im^ mi inipov^ests made 
since 1990 in fee wraiing, deteOion, and tracking of volca- 
nic clouds. These improvements me .bi^ely a direct resailt of 
the previously mentioned iaJti^ves by Federal and interna- 
tional agencies to reduce the hazards from volcanic ash. 

From an operational perspective, experience in the Aus- 
tralia-Indonesia region and in Alaska has indicated that fee 
ferrat of vdlcanic ash can be effectively addressed at fee 
regional or local level. For example, the 1989-90 Redoubt 
eraptions and the 1992 Spurr eruptions prompted Federal 
and State agencies in Alaska to establish a regional plan for 
aviation-related volcanic hazards (Alaska Interagency Oper- 
ating Plan, 1993). The plan outlines fee responsibilities of 
fee agascies involved in erapion responses to meet fee pub- 
lic's need for information to protect against volcanic ash 
hazards. The Redoubt and Spurr eruptions also prompted 
U.S. aid C^madiaa s^encies to reftm bilateral oper^onaJ 
plans for commuatc^iig abou* voicaak hszMds (Hkfecas, 
feis volume). 

In addition to fee efforts by international and Federal 

agencies, the major airplane and jet engine manufacturers 
have also studied fee damage to aircraft from ash encounters 
in efforts to develqp miti^tion str^^es, iffijiuding practical 
steps for pilots to minimize damage should an ash cloud be 
entered accidentally. The manufacturer's principal trade 
association, the .Aerospace Industries Association (AIA), 
formed a volcanic ash study committee in 1991 to evaluate 
the volcanic threat to aviation safety (AIA Propulsion Com- 
mittee, feis vohime). The findings of feis committee are 
reflected in a number of fee reports presented in Seattle 
(Campbell feis volume; Dunn and Wade, this volume; 
Przedpclski and Casadevall, this volume). 

The Air Line Pilots Association (ALPA), the Air Trans- 
port Association (ATA), and fee Flight Safety Foundation 
(FSf); »5 ite Atmtham Imtitttte^ of AercmutiSis afld 
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Astronautics (AIAA) and the Aerospace Industries AiKKXaa- 
tion (AIA) have all taken active roles to communicsie about 
tJh® ^ prckkm wi#j thek nKsnbets 8ffi<tc«Rstiteents, boBi 
nationally and internationally. ALPA and ATA were spon- 
sors of the Seattle Symposium, along with the FAA, NOAA, 
MA, AIAA, FSF, lAVCEi, mi fte N^ot^ 
Tim^csts&m Bcwtd wctc co-spoRs»is of ihe 

symposiam. 



FUTURE DIRECTIOxNS 

As we gain understanding about tfie natare of ash 
clouds and the hazard of volcanic ash to aviation operations, 
we con^anfly improve our adsjlities to deal wift fte fiweat 
(Casadevall, 1992). Multi disciplinary cooperation and com- 
munications were major factors in the success of the Seattle 
n^etmg. This coopmtion created an estdtement amcmg liie 
participants that has been kept alive at later workshops and 
in cooperative efforts such as the production of the Boeing 
trsMBf^ video ■(B©«Big.€0a^^»>«, 1^2). Ewft'thoa^^^te 
ash-aviation safety problem is global in scope, the solutions 
that have worked best have often been on a local or regional 
scale. TM <^tiinal solutions require understanding the loca- 
tion and character of the nearby active volcanoes, the struc- 
ture of the air routes that cross or pass by these volcanoes, 
and m undterstaadsng asd use of aU available resources to 
detect, track, and forecast the movement of ash clouds. At 
the same time, as new pilots are introduced to new routes, 
efforts to educate pilots must continue. 

The Seattle ^ytn|x^uin aad the effoits following the 
symposium ii»icate titet we teve much to do to satisfactorily 
address concerns abcmt the ^reat of volcanic ash to aviation 
safety. This requires appllcalion of existing technologies, 
such as methods that enable scientists to detect eruptions 
from remote, unmonitored volcanoes; early detection of ash 
clouds; tracking of ash clouds in real time; and development 
of better and fester ways to get information into the cockpit. 
Also, despite the recent advances in testing jet engines for 
their tolerances to volcanic ash (Dunn and Wade, this vol- 
ume) and advsmces in using remote-sensing technologies to 
detect and track asfe dcmds (Schneider and Rose, this voi- 
ume; Wen and Rose, 1994), it is essential that ash clouds be 
sampled directly as tijey drift from dieir source volcanoes 
(Riehle and others, 1994). Only direct sampling will allow us 
to obtain information with which to corroborate and validate 
laboratory tets and computational models. The results of flie 
Seattle symposium should be viewed as a ^rt of efforts to 
address the threat that ash clouds present to aviation safety. 
Volcanoes will certainly continue to erupt, and air traffic and 
aircraft sophistication will continue to grow. To successfully 
coexist with the threat of volcanic ash, we must continue to 
SKMness tiie volcanic hiOMtd in a iiesponsibte fehion. Op&ii 



C€«lsnunications about these efforts are essential to success- 
fiiHy dealing with the volcanic hazard to aviation safety. 
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INTRODUCTORY REMARKS FOR THE 
FIRST INTERNATIONAL SYMPOSIUM ON 
VOLCANIC ASH AND AVLmON SAFETY, 
SEATTLE, WASHINGTON, JULY 1991 

By Donald D. Engen, Former Administrator, Federal Aviation Admnistration 



PERSPECTIVES ON THE HAZARDS OF 
VOLCANIC ASH 

I feel as if 1 have lived close to volcanoes. I was Com- 
manding Officer of the U.S.S. Mt. Katrr.ai — a U.S. Navy 
ammunitions ship — and lived on top of 28,000 tons of high 
ejqplosives. The U.S. Navy has historfcj^ly rmned immo 
ships after volcanoes for some perverse reason. I was deter- 
mined not to be the first Captain to go up with his ship! 
Twenty yeais ago, and evati 10 years ago, no om fttat I knew 
would have even thought about organizing a symposium on 
volcanic ash as an air-safety issue. To those of us in aviation, 
volcanoes weie those spectacds peaks that were reassuring 
landmarks en route to wherever we were going. To volcanol- 
ogists, ai^ianes were a way to get a good view of volcanoes 
asri a stq> toward g^sg farfwriEE^ots to provide warning to 
tte ccmaBiSHtses near active volcanoes, f am not stire what 
ii«Seorolog[sts thought — perhaps that volcanic eroptions 
made for some pretty interesting clouds from time to time. 
Volcanic was sot high oa aviation's list of concerns, and 
aiiplases were far torn vdcaaolcgiste' l3K»i^t$. To M sure, 
there were a few visionaries, but very few. 

Then we started flying civil aircraft higher and in areas 
of the world where we had not flown so reguiarly before. 
Many international pilots encountered local situations in 
which they had little experience. Meteorologically, we found 
Meltemes, Mistrals, Siroccos, Willi Waws, and jet streams. 
Volcanoes attracted sightseers, and pilots flying near erup- 
tions found volcauic ash to be injurious to the long life of air- 
craft engines md air&aiBies. Tfem we f<Ka<! Hat volcanic ash 
clouds extended far from their source. At night or in instru- 
ment flight conditions (IFC), the ash cloud could not be seen, 
ard we Md damage incidsajts. 



The International Civil Aviation Organization (ICAO) 
saw the need to address this hazard, md international net- 
works such as the World Organization of Volcano Observa- 
tories (WOVO) were used as resources. Aviation shorthand 
messages to pilots, sush as notices of si^ificant meteorolog- 
ical events (SIGMET's) and notices to airmen (NOTA.M's), 
were used to give wide dissemination to pilot reports 
(PIREP's) concerning ash clouds. The World Meteorologi- 
cal Organization (W.MO) began using satellites for tracking 
ash clouds and for forecasting. The International Airways 
Volcano Watch was est^lish^^ 

We have had a number of volcanic ash encounters in the 
past 10 years, and we have almost lost some civil air carrier 
airplanes. More recently, we have had two major American 
military airfields shut down in the Philippines. Some say that 
there is a growing need for an on-the-scene knowledgeable 
pilot or disfffltcher to provide operational infoimation when 
airports are near or within a fallout area. 

Today, everyone who has come to this meeting under- 
stands that we need to think about ash as an air-safety issue. 
To be sure, ash clouds are not an everyday issue, and they do 
not provide frequent hazard. But, if encountered, volcanic 
ash can spoil your entire day. Since Mount St. Helens awak- 
ened us in 1 980, we have had 20 knows eacosaitm and three 
near accidents of wide-bodied jet airplanes worldwide. I will 
bet that Captain Moody will tell us at lunch today that his 
thoughts about Indonesiaa volcanoes changed dramatically 
one Bight in 1982. We will hear aboiit other volcanoes as 
well — in Indonesia, Mexico, Japan, the former USSR, and 
elsewhere. These volcanoes have briefly but dangerously 
iied our airvrays with ash. 

With great credit to ICAO and others, as I have said, 
important steps have been taken. Pilot operating handbooks 
have new pages, and vdcanoiogists talk with aviation 
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meteorologists and air traffic control centers (ATC). But, as 
wc saw last month near Pinatubo, the risk is not decreasing. 
In fact, the risk seems to be growing with tl« iacreasing 
numbers of long-distance night flights over remote volcanic 
areas. Encounters invariably cause damage and can easily be 
catastrophic. 

Some important information is already known, but this 
information is not widely disseminated. Over the course of 
tiste next 3 days, we are going to hear from the world's 
experts about what is known about this problem. We will 
hear firom the people who take the pulse of volcanoes, from 
tiese wbo bave developed new methods for tracking ash 
fix>m s^mce>, fxcm w1k> have flown into and around ash 
clouds, and from ihose who have dealt witfi the damage. We 
will leam about flje state-of-the-art warnings of impending 
or adtaal eruptions from monitored volcan<^s (a relatively 
small subset of all volcanoes), about satellite detection of ash 
plumes, about subsequent movement of the resulting clouds 
of ash, about the most common effects of ash on airframes, 
inslxuments, aM engines of aiirptenes, m>d shovA what pilots 
should do in <me of an accidbntai encouider. 

There are also many unknowns and gaps in worldwide 
coverage. These sJiortcomings will also be covered over the 
next 3 days. As a pilot, let me raise some questions. Suppose 
the volcanologists tell us that Redoubt or Pinatubo have just 
erupted an ash cloud. Can they tell us how hi^ dse cloud will 
rise? Can they tell us if it has a lot of ash or just a lot of 
steam? The meteorologists can teli us about winds at differ- 
ent altitudes. But can Aey tell us what altitudes actuaify have 
ash and in which direction the ash is moving? And can they 
revise their notices frequently as wind patterns change, as 
mm ansges or <feta are received, aaad «s progressively 
falls from the cloud? How will we know where the cloud is 
at night or if we are in instrument flight conditions? The 
ATC migl* t>e stble to warn as 'SM iEMe Is a hazard ahead, 
but can they tell us how serious it is, or how long it will 
remain a hazard? And can they be sure that alternative routes 
do not also have ash? Oix^e ash is encountered, should we 
climb, descend, or reverse course? Will the ash cloud :^ow 
OH my radar with greater definition than moisture? 



If you came to hear well-tested solutions, you are 5 
years too early. If you came to be part of the solutions, you 
arc in the right place at the right time. We are all pioneers on 
this subject. This is the first time that all of the world's 
experts have come to put their heads together, and it is the 
first time that so many of you who B©ed this information 
have come to hear it. But, unlike some subjects, where the 
world really is divided into experts, beginning students, and 
advanced students, we need to teach each other. And to do 
that, wc need plenty of lively discussion. Your questions are 
important, because nobody in this room has thought about 
the i^cMmi ftom every angle. 

We have structured the meeting to encourage discus- 
sion and to make sure that we do not just talk with our own 
colleagues. No qpesticm mil go unanswered — if we cannot 

handle it at the time, we will come back to it. No idea will go 
unrecorded — we are providing you with deposit slips for an 
idea bank where you can reinforce the ideas you offer in dis- 
cussion. We will have poster sessions for pcrson-to-person 
discussions. And, as some of you have already found, sym- 
posiams a« a great place to mset tite peofrfte that w« will 
need to be talking with in the years to come. 

Volcanologists seem always to talk to volcanologists, 
pilots to pilots, and meteoro!<^i^ to meteorologist. To 
have communicMion, you must have listeners as well as talk- 
esm. "Tbsm is a gte&t need for ^c&c^ communicatium 
asosS: the d^ifAiaes wespmm^iedlme. Itee is a <friviag 
need to prevent a major aviation accident, which has not yet 
hafpened. There is a driving need for better uadeist^<feig of 
vc«lca»0es-«Aef)aft-^'di=<^'i*Sk''lteis^fry'=w^ 

We are cWig^ted to see sadi a diverse group. To partic- 
ipants from outside the United States, "Welcome!" Your 
participation adds meaning and knowledge to this sympo- 
aam. I hbpe, fiiiou^ yoar pafticipatioa, that otfieir nations 
will join the search for knowledge. To participants from dis- 
ciplines that barely knew of each other's existence, say hello 
to each other because the solution to your problem concern- 
ing volcanic ash msy lie m your mw fiieod's asrea of 
expertise. 
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VOLCANOES AND AVIATION SAFETY IN COSTA RICA 



By lorge Barquero 



ABSTRACT 

The active voicanoes in Costa Rica are located in Gua- 
nacaste Volcanic and Central Volcanic Ranges. Poas and 
Irazti Volcanoes have had several strorabolian emptions in 
historical times that produced large quantities of ash. Fine 
ash moved to the west and southwest of the voicanoes, reach- 
ing different distances and altitudes due to predominant 
trade-wind directions. Therefore, precautions should be 
taken for air traffic during future eruptions. 

Costa Rica's Juan Santamaria International Airport in 
San Jose is located 23 km south of Poas Volcano and 42 km 
west of Irazu Volcano. Commercial airline routes are over or 
very close to the volcanoes. For example, Poas Volcano 
(8,884 fl high) is in the route of cornmercial airline to 
Miami, which fly at a minimum altitade of 12,000 ft. Irazu 
Volcano (11,457 ft high) is in the airline route to P^ifflia, 
with a minimum flying altitude of 14,000 ft. 

The cooperation between pilot, air traffic controller, 
and votcanologlste is veiy important. From the air, it is pos- 
sible to see anomalous activity in volcanoes. For example, in 
! 962 a pilot called a newspaper to report the first coiamas of 
vapor issued by Irazu Volcano curing the 1963-65 acdve 
poiod. Is 1989, Poas Volcano had very strmg gas emis- 
sions. At times, private md ccarsmercial airline pilots 
reported to air traffic contxoHers stsoag odors md the hdght 
of gas columss. 

It is imperative to take into account possiMe a^ md gas 
ereptioss whm plasising air teSIc and fature airport sites. 



INTRODUCTION 

The active volcano^ in Costa Rica are located in the 

Guanacaste and Central Volcanic Ranges. In recent times, 
Rincon de la Vieja, Arenal, Poas, Barba, Irazu, and Turriaiba 
Volcanoes have had e?i|>losive ash^jroAidsag emiptiwts. A^ 
clouds have been carried to the west and southwest of the vol- 
canoes because these are the directions of the prevailing 
wiiKis. 

The Juan Santamaria international Airport, located 20 
km from the capital of San Jose and served by both national 
md intematioiial commercial airiines, is located in the cen- 
tra! part of Costa EUca, to tlje south md west of the active 



volcanoes Poas and Irazu (fig. 1). As a result of the location 
of iie airport, the air traffic routes pass over or nezx volca- 
noes that have very high eruption potential. This circum- 
stance makes it mandatory to take precautions witib air traffic 
during emptions. 



DATA AND RESULTS 

Poas Volcano, located 23 km, (14.4 m.i) to the north of 
Juan Santamaria international Airport, rises to 2,708 m 
(8,884 fl). It has been active since 1828, and its last major 
active period took place between 1953 and 1955 (table 1). 
Ash clouds produced during this eruption were carried 
mainly to the west, to the soofliwest, and sporadically to the 
sotA. 

Since 1987, Poas has ejected a gas column tibat some- 
times reaches 2,000 m above the crater level, and its strong 
sulfurous odor has been reported by pilots. The minimum 
altitude for the airway ov&t Ms volcano is 3, 1 58 ra (1 2,000 
ft). This is the primary cc»am©rciaJ airway to Miami, and it 
is ttssd daily by planes tte carry hsa:!dredte of passengers. 

Irazu Volcano is located 42 km to the east of the Juan 
Santamaria International Airport and has an altitude of 3,443 
m (1 1,457 ft). The ccaamerdal airway coanecting Santama- 
ria, Liraon, and Pffliama <at a minimum altitude of 4,320 m 
or 14,000 ft) passes diiecdy over Irazu Volcano; thus, there 
is a great deal of air traffic over this volcano daily. 

In historical time, Irazu has been very active, with 
recorded envious since 1723. The last period of activity- 
took place beiwcCTiiieyeais. of l%3ajid 1965. Constant ash 
eruptions reaching heights of approximately 6,200 m 
(20,000 ft) were reported, and ashes were carried to the west 
and southwest by the prevailing winds. Deposition of this 
pyroclastic debris affected all of the Central Valley, in which 
the international airport is located. Official information con- 
cerning emergencies sulfewi by air|totes during this time 
does not exist, but there are accounts of problems during that 
period. The most outstanding report tells about a Pan Am 
DC-6 platie tibsrt flew tihrm^ an ash cloud fkm Irazu aiKi 
was forced to land in Panama in 1963. This plane had prob- 
lems with its windows and engines. Ash was an effective 
abrasive. One precaution taken by domestic aidines and pri- 
vate airplane owners was to make check-ups of sa33pibsnss 
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more often fean required. Overhauls were done more often 
tim dariag normal conditions, and, in some cases, engines 
were replaced. 

Arenal Volcano, located 73 km (45 ir.i) to the northwest 
of Juan Saatamaria Airport, has as altitude of 1 .630 m (5,380 
ft). Plaoes flying to Managua, Nicaragua, foiiow an air route 
close to this volcano at a minimum altitude of 3,400 m 
(11,000 ft). Several airplanes carrying passengers fly this 
route each day. Arenal is an active volcano, and, since 1968 
(23 years of activity at pies«asit), ash a>lumns over altiftides 



of 3,048 m (10,000 ft) have been reported. Wind carries the 
pyroclastic debris toward the west and southwest, reaching 
differei« poirte according to the wind velocity. 

Pilots have knowledge of Arena! activity and the dan- 
gers it represents, so they take precautions and i^^rt infor- 
mation to the ai rport regarding the height and dlrectioa of tiie 
ash cloud. This has helped to prevent aitplane accidents on 

this route. 

Some of the volcano-monitoring methodologies that 
are currently in in Costa Rica are shown in table 2. 




Fifpre I. Akwsy rosSes over active volcanoes in Costa Rica. 
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T&Mtt 1. ^ Yesff<s) of eruption and eruption typ& for s<Kne m^or 
voteaaOffls ia C;<«t8 Jlica. 





Eruption type 


Rincon dc la Vicja Volcano 


1^ 


Nonual e5q>losioiis. 


1^3 


N<811]^ Q^k>Si<8E3. 


1966 


Pisreatic osplosioas. 


1969 


Phreatic explosions. 


1970 


Pfereatic explosions. 


1983... 


Phreatic ejqjlosions. 


1987 


Phreatic «^l<»ifflEts. 


199! 


Phreatic explosions. 


Arena! V'okaao 


1525 


Normal explosi<H«L 


1 %8-i»eiM3at Nii&s ardeittes, i^rocl^tic flom, 




itoeatic explosions, lava flows. 


Poas Volcano 


1834 


N<»inal ffiqjlosirans. 


1 RiS 




1880 


Phr^c explosions. 


1907 




1910 


Plsreatic ©epksions. 


1914 




1946 


Phreatic exoiosions. 


1952 


Phreatic explosions. 


1953-55 


Magmatic eruptions. 


1961 


Phreatic esplosioss. 


!%3 


Pi»eatic explosioas. 


1964 


Phreatic explosions. 


1972, 


Phreatic explosions. 


1974 


Phreatic exploacats. 


1976, 


Phreatic ejqplosiciBS. 


J977.. 


Phreatic ejqiosjoas. 


1978 


Phreatic explosions. 


1979 


Phreatic explosions. 


1987 


Gas ertsptions. 


1988 


Gas eng>tions. 


1989 


Gas eraptioBS. 


1990 


Gas eruotions. 


1991 


Gas eruptions. 


1992 


Gas enqjtions. 




CONCLUSIONS 



Several airways cross over or near Costa Rica's active 
volcanoes, and, feeitsfwe, air trafSc is wlwrable in the event 

of ash eruptions. The prevailing wind direction in central 
Costa Rica and the location of Juan Santamaria international 
Airport with respect to the active volcanoes makes this air- 
port vulnerabie to ash deposition during volcanic eniptions. 
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Table I. Yeai^s) of eniptioR mi eri^tion type for some major 
volcanoes in C<»ta Rica— Continued 





Enip'.ion '.vpc 


Inmi Volcano 


1723 


MtmsA alplosims. 


1726 


Normal explosi<ms. 


1821 


Normal explosions. 


1822 


Normal explosions. 


1826 


Nonsal explosions. 


1842 


Normal ©qpit^ons. 


1844 


Nomal ejqplosiMis. 


1847 




1870 


Normal cxnlosions. 


1882 


, , Normal explosions. 


1917-1921 


Phreatic explosions. 






1928 


Normal explosions. 


1930 


Normal exniosions. 


1933 




1939 


N<Knial explosions. 


1963-1965 ... 


Phreatic explosions. 


Tarriallsa Volcano 


1750 


, , Normal explosions. 


1864 


Normal explosions. 


1866 


Normal explosions. 



Table 2. 'Vblcano-monitoring meShodbk^ies in ase in Costa. 

Rica. 



Rincon dc !a Vkja Vokajjo 

Radon emanomctry; river and thermal-spring water analysis; 
gas traps; acid rain; ash collectors; dry inclinometry; horizontal 
distances aetvTOrk; valica! levdiiig Imesr, saisraology. 

Poas Volcano 

Thermometry of famaroles and hot- water lakes; analysis of gas 
condensates; river and thermal-spring water analysis; gas traps; 

acid rain; radon cmanomctn.-: cr\- inc'inomctn'; horizontal 

distances networ k : vcrtica' levclin-^ hnes: sc:sn:o-Ogv. 

Irazu Volcano 

Thermometry of hot-water lakes; analysis of gas condensates; 
analysis of wster samples from cmer lalea, rivesrs, and thimaal 
springs; radon cm.anometry; dry- inclinometry; geodetic netw<^; 

vertical leveling lines; seismology. 

Turrialba Votcroo 

Thermometry of fumaroles; asalj«is of gas condensates; gas 
traps; radon emanotnetry; dry inclinometry, seismology. 
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RECOMMENDATIONS 

1 . Plaa, in atdvaajce, coHEiageiKy or aiteiuate airways to 
IHevent planes from cro^sia® ovear or am v^c^o^ 
that may be erupting. 

2. C^plete the c«str8Ctioii of Toam Gmi?dia Airp^ 
as an alternate international landiog site in case Juan 
Santamaria airport is closed. 

3. Personnel of Observatorio Vulcanologico y Sismolog- 
ico de Costa Rica (OVSICORI) idi<Hild ^ways be in 



close contact with the Office of Civil Aeronautics and 
should provide information on the state of activity of 
fee vdcanoes, e!^)ecial!y when anomaious activity is 
prtsest. Pilots, through the air traffic controllers, 
dKJUid inform OVSICORI of unusual volcanic activ- 
ity as sefflR ftoiR t^ air. 

4. An ad hoc group should be integrated with staff 
from the Office of Civil Aeronautics, pilots, and 
OVSICORI to draft a plan of action in case of vol- 
canic eruptions. 
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A METHOD FOR CHARACTERIZING VOLCANIC ASH 
FROM THE DECEMBER 15, 1989, ERUTOON OF 

REDOUBT VOLCANO, ALASKA 

By Gregory K. Bayhurst, Kenneth H. Wohletz, and Allen S. Mason 



ABSTRACT 

The development of m mt<sm^s^ program fta- charac- 
terization of particles lising a scaiming electron microscope 
(SEM) witib an energy dispersive X-ray detector (EDS) has 

greatly reduced the time required for analysis of particulate 
sasnpies. The SEM listen provides a digitjd rejB^ntation 
of all particles scatmed such ftat fiirflier measurement of the 

size, shape, and area are a product of image processing. The 
EDS and associated software provides iafonnatioii as to the 
particles' chemical composition. Data obtained from the 
SEM by this method arc reduced by computer to obtain dis- 
tribution graphs for size, density, shape, and mineralogy. 
These SEM results have been tested by comparisons with 
results obtained by traditional optical microscopy — the 
results obtained by optical microscopy support the SEM 
results and provide details concerning crysuUinity and glass 
coistesst 

This method was applied to the ash that damaged the 
engines from the Boeing 747-400 flight of December 15, 
1989 (Brantley, 1990), which flew into she ash cloud fram 
Redoubt Volcano. The sample was collected from the pitot- 
static system and had not been exposed to any engine parts 
that might have changed its characteristics. The sample anal- 
ysis presented here demonstrates the capabilities and infor- 
mation obtainable from our automated SEM technique. 



INTRODUCTION 

Studies of volcsmic ash particles cait be wsA to mider- 

stand problems associated with volcanic ash clouds such as 
aircraft engine damage, visibility, atmospheric dispersion, 
and deposition of ash (Heikea, this vo&ime). By using sev- 
eral analytical techniques, particles can be characterized in 
terms of size, shape, mass, mineralogy, and chemical com- 
position. Hese diafscteristics provide detailed vt^amz^m 
tms^smy,. to uai^r^aad mature of volcanic cjouds. 



METHODS OF STUDY 
SAMPLE PREPARATION 

Loose ^mples, such as tiie collected from fee pitot- 

static system, can easily be prepared by traditional thin-sec- 
tion techniques. This involves mixing the ash with epoxy on 
a mictoscqpe^ete s»d dsen pdidiii^ ftatto a dtesiredtihidc- 
ness. Boil tie SEM technique sesd ^tk^ sikrosc^ ^fe- 
niques can mt the same slide. 

If fte sample te been coHected on filters, it is neces- 
sary to remove the particles from, the filter medium. For ash 
collected on cotton or paper filters, the filters can be ashed in 
a low-tmpefature radio-freqeracy oven. Hie ashing 
destroys the filter material and leaves the particles unaltered. 
The particles then can be mixed with epoxy and made into a 
tlunsec^OQ. 



SEM PARTICLE-ANALYSIS PROGRAM 

The SEM uses a software program originally developed 
by L.J. Lee Group, toe. for idteitification of airborne asbes- 
tos particles. It was modified to analyze volcanic ash parti- 
cles. For each particle, the size, diameter, area, elemental 
coniwsition and tosity„aie i«c«^ |1e,ioc^ion of each 
particle is also noted for easy return to a |mtticu!ar |»rt!cle if 
detailed examination is needed. 



TREATMENT OF DATA 

The data is first transferred ftom the SEM into a spread- 
sheet from which various operations are performed. These 
operEai<»is characterize tli« paitkiss as to tl^r mineralogy, 
morphology, densities, and abundances. The spreadsheet 
asKi operations are done with BBN Software Products Cor- 
poration's RS-1 software program (G. Laedemana and G. 
Bi^hur^ unpjdb. daja, 1989). 
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p^ij^jefs in ^efiajfioiss colwfss ia^BcMe weight pewent] 



Quarte Si&90 

Calcite Ca > 90 

Magnetite Fe + TiS:$0 

G>psuin/anhydrite Ca + S ^ 90; Ca > 4 1 ; S > 29 

Mca/day.....'. Ca K ^ Al -r Si > m; Fe > 4; 

K>4; 23<Si<80 
m<i^ Ca + Na + K -r Al + Si > 80; 

Fe 5 4; Al 4- Si > 59; 30 < Si < 80 
AmjMboIe Fe + Mg + K + Ca + Al + SiS80; 

Fe>5;Ka3;28>$i>80 



analysis was also tested by using these composition stan- 
dards, achieving 95 percent or better correct identification. 



PETROGRAPHIC METHODS 

Several hundred particles were examined and counted 
by staaadard petrographic methods oa m optica! microscope. 
This ns^od allows us to <fetermine not only tiie mmeralogy 
of the particle but also if the particle is noncrystalline or 
glass. The imports«ice of this is that the glass component of 
iie volcanic ci<Hid has a big influence on melting tempera- 
tares (Swanson axd Beget, Ms volume). 



Using the chemical analysis for each particle, the min- 
eralogy is determined based on seven minerals or mineral 
classes. If the particle does not meet the criteria of the min- 
eral definitions (table 1), it is labeled as "other." Because the 
SEM gives only chemical composition and not crystal struc- 
ture, the glass content of the ash is not available by this 
raetiiod. The, policies .are tiien .plotted, according to the fre- 
quency of their mineral content 

Hie mean diameter, which is based oa 16 measure- 
meats, is used to establish size ftequencies. These mze fie- 
quencies are (^loil^ed for both mineral type and overall 
bulk particles. The longest diameter measurement and the 
shortest measa«taeat are raiioed wifeout regard to mjiaeral- 
ogy to provide an aspect ratio that gives an indication of 
shape. Digital image representation also allows computation 
of a shape factor given as the particle perimeter squared 
divided by the product of its area and 4 pi. 

By using the results from the chemical analysis, we can 
determine the mass of each particle by combining densities 
and diameters. The tosities »e based on values for oxides 
for each element in the particle such as SiO?, Na20, and 
CaO. The masses are used ia several ways. The mass for 
each f^rticie caa be pbtted on a log cumulative mass versus 
log diameter to give mass accumulation curves. The mass 
distribution can also be expressed as a percent total versus 
phi (phi = -log2 X (diameta ia mm)) aai aaalyz^ using iie 
sequential fragmentatik®/tmis|K^ (SFI^ «)<itel of W<A1^ 
and others (1989). 

The final function of the software is to dsteimine vari- 
ous statistical values for each sample. Our statistics sum- 
mary contains the mean, standard deviation, minimum, and 
maximum for seversd fmm&tets md automatically priiite 
out a summary sheet. 

To verify our programs, we prepared chemical-compo- 
sition standards by grinding well-characterized mineral ^m- 
dards to a fine powder. The powders were then |«repBred in 
llse exact same nmser as the ash paitictes. To verify cm 
sazaag-routine software, we used National iastitate of Stan- 
dards and Technology (NIST) standards for particle size. 
TTie software program that identifies mimics frcoi dbamical 



RESmTS AN© WSCUSSICH*^ 

The mineralogy of the ash particles determined by 
chemical composition was about 70 percent feldspar. Tlie 

other components were quartz, magnetite, mica or clay, cal- 
cite, and amphiboies (fig. I). An occasional particle of gyp- 
sum or anhydrite was also observed. By using faidy large 
ranges for defining the minerals or mineral groups, only 
about 10 percent of the ash was unidentified. The majority of 
unidentified particles appear to be mixtures of mineral 
phases that were probably welded on glass fragments. This 
result suggests that about 10 percent of the sample is com- 
posed of iffifc ftagments. 

The optical analysis gives another perspective of the 
mineralogy in that the glass component can be readily iden- 
tified. The results ftom tfee o^cs^ analysis diowed that tibe 
particles are mostly plagioclasc feldspar (46.7 percent), with 
many of them being fractured. The glass component was sec- 
ond ffiiost ^imdJust ^ 28.6 percent. He Mlowiing were 
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Figure i. Mineralogy of a.sh particles from the December 15, 
1989, enq)tioja of Redoubt Volcano as detemsiaed by scaaaii^ 
electron nsicroscopy. 
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Tabic 2. Bulk chemistry of glass from R6cE(»d}t vdcaiuc ash 
from December 15, 1989, eruption. 

Species Weight percent 

SiQj 69.9 

AilOj 10.4 

FeO. 5.0 

0.5 

CaO 8.4 

NajO 4.3 

K2O 0.1 



mirtor components: pytoxms 2.8 fssrcert^ hornblendes 4.2 
percent, opaque minerals 5.6 percent altered rock 7.0 per- 
cent, and magnetite 5.2 percent. The petrographic name of 
Ms sample is a homblratide, two-pyroxene andesite. 

If we assume that the glass component has nearly the 
same chemical composition as the crystalline minerals, then 
the results of the two methods are in good agreement. For 
example, if approximately 30 percent of the chemically 
defined feldspar particles are noncrystalline, then the per- 
centage of oystaRia^ feld^ar woeM be approximately 49 
pesreeat. 

With our metho4 we are aile to oistain bulk-chemi^ 
compositions by simply avesaging each ctem.icai compo- 
mn&t. For example, &s average SiOj cos^osition from our 
Redoabtsa»|^ewas-69.9- percent Etecause of Aehigh glass 
content, the overall bulk chemistry (table 2) showed a higher 
Si02 concentration than the magma eri^jted during this time 
(Nye and others, 1990). llis»4«s»te'iSi-'lwse«wai»€©Mi^ajt 
with other studies of RecbsJ^ vokaak ish (SwaHSoa 
Beget, 1991). 

Our sizing routine slK>we<! that, for fiiis sample, Ae 
majority of the particles were 20 -am or less (fig. 2). The 
different mineral types can show slight differences in size 
distributioii fixm &e overall (fislnln^cna, but they still show 
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EXPLANATION 
PARTICLE SIZE, IN MICRONS 
■i >1 £10 

^3 >2p s; 30 
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n3 >7o 



that most of the particles are smaller than 20 urn (fig. 3). TTie 
information obtained from size distributions can provide 
insight as to the factors controlling the type of ^ime^&4em 
to aircraft engines. For example, if the ash encountered had 
a large percentage of coarse particles, then increased damage 
from abrasion might be observed. If the ash is fine, it will 
melt more rapidly and c»ntrjbiite to tle stateiEiai adhering to 
turbine surfaces. 

Abject ratios ^can be used* for Se*^I purposes. The 

morphology of the panicle can be descanted in this way. 
Aspect ratios that are close to 1 indict Ifeat the particle is 
approximately ecpiant in shape. For examine, the zsp&it ratio 
of the feldspar particles (and glass) showed that about in one- 
third of them were equant (fig. 4). Also, the average shape 
factor for dje sample k 1.16, which d^racterizes neariy 
equidimensional, polygonal cross secti<m. 

The mass distribution curve gives other important 
information about the nature of the volcanic ash. In our 

Redoulat sample, even though the small particles were the 
most numerous, they contributed only a small amount of the 
mass (fig. 5). Another way of looking at iifis'sf'ffiistifblrtid'n is 
the phi plot (fig. 6). This plot shows that over 60 weight per- 
cent of the sample occurs between 62 \xm (4.0 phi) and 125 
Jim (3.0 phi). ITie overall m^n diameter is 78 pm. 

SFT analysis shows that &e size distribution is poly- 
modal, which is likely a consequence of the various densities 
and shapes in crystals, glass, and lithics that determine the 
mass-to-size ratio. Furthermore, SFT analysis (fig. 7) shows 
a mean diameter of 3.68 phi (0.078 mm) and a standard devi- 
ation of 0.79 phi (-t-O.S? mm, -0.033 mm) and predicts this 
distribution by three subpopulations: (1) crystals (mode = 
0.2 1 0 mm), (2) lithic fragments (mode = 0.099 mm), and (3) 

EXPLANATION 
PARTICLE SIZE, (N MICRONS 

< 10 

> 10 and < 20 

> 20 and < 30 
I > 30 and < 40 

> 40 and < 50 




Rgurc 2. Size distribution of all minerals contained in ash from 
tlie Deaanbcsr 15, 1989, enq^jon of Redknd^ Vofcaaa 



f^are 3. Size distribution of feldspar minerals from the Decem- 
b«- 15, 1989, en^5<3oa ofRe&ttM Volcaeno. 
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canbcr 15, 1989, eruption of Re&n&t VctoBK>. Phi = -lofe x (di- 
Figare 4. Aspect ratios of feldspar particles from the December ameter in mm). Indivaiid bars ak«ig x-axis are MxMi m&t size in 
15, 1989, eruption of Redoubt Volcano. Aspect ratio is detentnined P"^ mit&. 




DIAMETER. IN IVilCRONS 



Figure 5. Mass distribution curve of ash particles found iis ssh 
from the December 15, 1989, eruption of Redoubt Volcano. 



glass (mode = 0.041 mm). The dispersion values of these 
subpopulations are analogous to standard deviations for log- 
iraraaal di^bations. In a<Mltion, the dispeision values have 
l^ysacdl si^iificajce: with increasing dispersion, subpopa- 
latifflB <Ssttib»akm sa« generally more peaked, which results 
fhra ra<»e evolved particle fragmentation and size sorting. 
"Fhea-ystal sab|30f Elation (1) has a dispersic® valae of 0.5#, 
which reflects the tight distribution in size determined by 
growth kinetics. Positive dispersion values genezaJiy come 
about &om particle aggregation or nncleation, wfeereas neg- 
ative values arise from fragmentation and attrition. In con- 
trast, the glass subpopulation (3) has a dispersion value of 
-0.51, wWdi is a ftmctiioii of its ftagroentetion and transport 
hatory (dispersion values of -0.6 or greater are typical of 
fragmentation by water-magma interaction). The lithic sub- 
pqpafetfon (2) has a ^di)^>«aon value (0.15) that indicates 
some aggregation after its fragmentation. 

The statistical summary (table 3) gives overall averages 
for many importMit paiamete» of Ifee volcanic sample. 
This summary can be used to study the diffmaces b^«ia 
different ashes or samples of the same ash. 
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Sid^p<piMk>a size diai^eristics aaalyzed by tlie 

1^ WoUetz and o&ers (1^) for tM^emi aqptamtioBl 



Table 3. Statistical summary for Redoubt volcanic ash firom 
December 15, 1989,eru|^on. 



Avera^ Staa^arf Majdmum 

(SsviMim 

Diameter (jun) 13.3 12.9 141.0 
Aspect iat«) 3.5 3.1 
AmCum^) 284.0 g89.8 !!,989.0 
Densi4^(gfcm^) 2.42 0J9 6j6 



S^^apoMkn Mode Dispemoa FrKtion^ 

pito ttstt 

Ciy^ (0.210) O.S) 0.08 

Labk&E^MJte 3.34 (0.099) 0.15 0.07 
Cates 4.60 (0.041) -0.51 0.21 
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chamiteostics of ihe patticte m wlcamc ash clwads. Tlie 
characteristics of the ash cloud will detetmine whet® it goes, 
k>w long k will stay in the atmosphere, how madh dams^e 
it will cause to an aircraft, and its effects on the asvironineait. 

The voicjffiic ash ingested by the Boeing 747-^ that 

encountered the Redoubt ash cloud on December 15, 1989, 
has characteristics of material derived from eruption of 
andesitic magma by rapid release of high-pressure gases, 
perhaps by a hydrovolcanic mechanism. Optical microscope 
inspection revealed glass, blocky shards of minerals, and 
hydrothermaliy altered andesitic rock fragments. The chem- 
ical analysis derived from SEM analysis confirms the 
juKiiKitic mttate of Ae ash. Size analysis shows ftagmfflnta- 
ticffl diasacteristic of an evolved fragmentation process, such 
as is expected for a water-m^ma intsjpaction. The shape 
analysis revealed domaiarfy low shape factors, chanKJtois- 
tic of hydrovolcanic ash. Knowing the chemical competition 
and finding that a large fraction of particles have a glass 
stnictee, fte meiting-temperature range <^ be estimated. 



l%ure 7. Subpopulation size characteristics of ash from flse 
December 15, 1989, enqitioii of Redwbt VoI«tno. 



CONCLUSIONS 

To understand the nature of volcanic ash clouds, we 
must understand the nature of the particles that make up the 
clmid. By combining SEM and optical petrographic tech- 
niques with powerful software analysis and tbeori^ (m par- 
ticle transport, we obtain detailed information on tfje 
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THE CONCENTRATION OF ASH IN 
VOLCANIC PLUMES, INFERRED FROM DISPERSAL DATA 

By Maxcm h Bwsik, R.S J. S^ks, Steveai N. Carey, and Jennie S. Gilbert 



ABSTRACT 

The niass concentration of pyrociasts of a particular 
grain size decreases as an exponential fttndson of time in 
the body of the umbrella cloud that forms at the top of 
explosive volcanic-eruption plumes. Data on deposit-thick- 
ness variations and grain-size distributions of ash deposits 
can be used to infer particle concentrations in volcanic 
clouds using a simple physical model f(>r sedimentatidn 
from umbrella clouds. The concentrations of ash in plumes 
that penetrate the operating heights of commercial aviation 
greatly exceed the concentrations that cause engine damage 
and failure (> 2,000 mg/m^) and dangerous concentrations 
(> 50 mg/'m^) can persist for hundreds of kilometers down- 
wind of tbe vent However, aggregation of vdcanic ash in 
die atmo^here cm lead to much mart r^jM decieases in 
conc(»tration. 



INTRODUCTION 

Volcanic plumes spreading rapidly within the atmo- 
sphere pose a serious risk to aviation. The umbrella cloud 
formed at the top of a volcanic eruption column is an exam- 
ple of an intrusive gravity current containing suspended par- 
ticles spreading withiii a density-stratified, less teiisitet 
fl^y (Alien, 1985; Spaiks, !986; Simpson, 1987; SdKsffid 
Walker, this volume; Sparks and others, this volume). Vol- 
canic particles remain iais|)eaded in such oaresils as fer as 
hjsrafreds of kilometers from fee vmt We have developed a 
theoiy describing secimcntatiian ftom such currents and have 
successfully used it to evaluate tiic dispersal of particles 
from currents of contrasting scales, geometries, and source 
flEsds (Sparks and others, 1991; Bursik and others, 1992a). 
We review tbe theoiy and introduce a way to reconstruct ash 
concenttatiojis wiftin a volcanic clotid frcm ^(fimCTtolc^- 
cal data on tephra-fall deposits. These results can be used to 
infer ash concentrations that might be expected at various 
distances diring hypothetical modem eruptions. We cxm- 
sider ^^mneats&m of iacEvidbal ^m&iks &cm dbuds 



with radial symmetry and infer pyroclast concentrations 

within the clouds. We also investigate the concentration of 
suspended particles within currents in which the flow has 
been diverted into an elongated shape by wind. Finally, we 
consider a generalization of the model and estimate concen- 
trations of particles within umbrella clouds for given plume 
hei^ite and initial gtain-size populations. 

Our approach is a valid representation of sedimentation 
from plumes for times and distances from the volcanic vent 
before the coherent gravity current thins significantly by 
gravity fiow and sedimentation and is subsequently broken 
up by ambient atmo^heric turbulence (Allen, 1985; Simp- 
son, 1987). Thus, the model is certtinfy valid for the area 
near fee vent and is probably valid for great distances from 
the vest because umbrella clouds can begin as flows several 
kilometers iMdk. BiHsik and otihm (1 992b) have shown that 
the dispersal of die Mount St. Helens plume is consistent 
with gravity-carceDt bdiavior li^toz distaijce of 6<K) km 
frcan the v^. After censrttfer^-i^, diffttsiou-type models 
(Suzuki, 1983; Armienti and others, 1989) can be used to 
infer particle concentcatioB, traasport, and deposition by 
atmospheric a<iv©jti<ai and tuibukiu^. 



SEDIMENTATION THEORY 

For particles uniformly distributed within a fluid by tur- 
bulence, Hazen (1904) showed that the incremental number 
of particles deposited is proportiona! to die number per unit 
thickness of fluid times the thickness of the layer from which 
particles could be expected to fall. Einstein and Krone 
(l%2) m& Msee^ mi Mdces (198S) ohtmae^ similar rda- 
tionships for deposition of suspended particles in flumes and 
small laboratory tanks where no particles are resuspended. 
Af^iag «he» rmite to a teWent gravky ojireja fiovri!^ 
within a stratified fluid as an interflow or intrusion (Manins, 
1976), we suggest that the total mass of particles, m, of a 
given size fra^cai being tianspoited within a control volume 
!K>ving wilh tiheJluid<<kcEE«^»as: 



19 



20 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTEINATIONAL SYMPOSIUM 



dm = -Jx(0)v<0)d( 



(1) 



where 

A is the area of the lower interface of the fluid parcel, 
X(0) is the mass concentration of p^fibles of a ^■sfm dz® 

fraction at the base of the volume, 
hence, AySQ) is the mass of particles per unit height in the 

volume at its base, 
v(0) is the teimiflai fall velocity of the particles at 

base, 
t is time, 

hence, v(0) dt is fee tisickness of the fluid layer from 
whidb partides setfle out. 
If {%) IS mean concentration of particles averaged over 
th® cun«&t thickness, h, then A<x) = mlh, and the tifferen- 
tial e<p^cm expressing the loss <rf particles from the oir- 
imt cas be wintei: 



m 



(2) 



where 

u is current velocity, and 

k = {x)^x(0), which is a constant if similarity is 

maintained. 

It can be shows that, by making the proper substitutions in 
eqfi^on 1, e<3uatioa 2 hoI<fe for coacentraticHi, %, as wdi as 
mass, m. Although gravity currents are inherently transient, 
conditions within the body of such a flow are approximately 
st^<iy at a large dts^nce from tihe advancing front. For 
steady flow, equation 2 holds not only for m and % but also 
for the mass of particles carried by the current through time, 
M = nm, where it is any finite time. If :it = f, eruption dura- 
tion, then M is the mass of material deposited beyond any 
given distance. Furthermore, for any downcurrent distance, 
%, e<pstioH 2 caa be dl«<*y int^ats^ restitii^ in: 



v(0) 



1 



-4 



(3) 



(4) 



wisesre 

Mo and %o are boundary values. 

There are two cases of volcanological interest to con- 
sider wto evaktafeig fee ijtogral on*i« i^it haed si<te of 
equations 3 and 4. In the first case, the umiajella cloud is axi- 
symmetric, resulting from radial spreading in a still atmo- 
^feere (fig. 1^). He second case arls^ when the cloud is 
modified by wind to assume an elongated shape (fig. IE). 
We examine these two situations below, then we extend the 
r^idts to a gextmlized ^me^. 
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le'^BOt 1. 4, Diagram showing a plQ^ka! mod&l of the sedim^ 
tation of asphra of a pardcute grain size around an eruption col- 
amn with no wind. The graph shows the variation of particle 
concentration for one grain-size fraction witMn the umbrella 
cloud. Sediment mass per unit area on the groja^ {unit sedimenta- 
tion), S = -dMdr (yisr), varies in the same msms. 3, Sdaaia&; 
:diag^am of k^et^t&^sAM- sAi^miA&im co!»r d 
the coltmn to illustrate dovmwmd di^lacement of the accumula^ 
don maximum, xq. 



EADIAL GEOMETRY 

We first consider the case of axisymmetric (radial) flow 
developed at the top of a vdcanic eruption plume wifji m 
wind. In the volcanic column that feeds the umbrella cloud, 
vertical velocities are typicaiiy 50 to over 200 m/s (Woods, 
1988). Although coarse tephra falls otJt at fee plume mar- 
gins, the high velocities result in most tephra being trans- 
ported to the plume top where it is swept into the umbrella 
current. At the height of neutral buoyancy, where the coiujucn 
density equals fee deasity of fee sunoundii^ 3tino^pl%ere, 



CONCENTRATION OF ASH IN VOLCANIC PLUMES. INFERRED FROM DISPERSAL DATA 



2! 



tiifi plame diverts iatoraliy &M &ei« is a rapid decrease in 
vertical velocity at a well-defeed comer (fig. lA). Wifli no 
crosswind, the flow is completely driveu by gravity and 
assaiaes a near-radial syEtsmetty. Tephra is siqjported by tar- 
Wence wifeialbe asamt as it falls oat at the base into i»e 
ua&ifying quiescent atmosphere. 

Me^Mm of the rigbt hand side in equation 3, assum- 
ing conservation of volmxiofeic fbix., Q, b^een the ascejOKi- 
ing column and the carrojt (tfejis. Q = Tsrku and dQ/dr = 0) 
leads to the result: 



M = MqQ 



(5) 



where 

ro is the radial distfflwe of the pkme comer from the vent 

(fig. lA), and 

Mq is the mass injected into the current during the 
eruption. 

The mass of particles deposited in concei^ric tings of mat 
width on the ground is thus given by -dM/dr. 



-dM _ ^"^^-'^0 ~^^(r^-4)''S 



(6) 



SpaAs and oflieira (1991) have presented l8Jx>ratory 
experiments on sedimentation of particles from radially 
expanding gravity currents generated by turbulent, particle- 
laden ptemes Qiat ^ow good agreemmt with fte theory in a 
form analogous to equation 6. 

Barsik and others (1992a) have compared the sedimen- 
tetion feeory to graiursize-distrilnrtion data of liie Fogo A 
Plinian deposit on Sao Miguel in the .Azores (Walker and 
Croasdale, 1971). Values of Mq snd.Tzv/Q were deteimined 
from field data for each grain-size class by iterative curve fit- 
ting to integrated accumulation data. The slightly elliptical 
geometry of the thickness contours in the Fogo deposit, 
caused by low winds (= 2 m/s) was accommodated by sub- 
stituting a constant of 1 .83 for %. Detailed descriptions of the 
deposits and analysis of the field data are presented in Bursik 
and others (1992a). Beyond 7 km, the field data give excel- 
lent fits to the Gaussian functions (fig, 2A and 2B) with the 
slopes dependent on grain size as predicted by equation 5. 
Tephra in the size range 500 to 2,000 iim settles through the 
atmosphere with a speed determined by the relationship for 
Ml at high ReynoldsirarnberfWoodfe^ Barsik, 1991). We 
therefore expect the coefficient 1 .83v/g to be proportional to 
the square root of the grain diameter. Figure 2C shows that 
Fogo date fft iMs-'pes&s&m well. Prom the <iate » ^^sm 
2C, the value of Q. hence the total plume height and magma 
discharge rate, can be estimated for the eruption. The esti- 
mated total plume fadglit of 2 1 km and magma disclai^e Tai& 
of I.lxiO* mVs, assuming an eruption temperature of 
SOO'C, are in reasonable agreement with an independcait 
ass^sment of tiie plume hefght (27 km) aad m^:ma dis- 



charge rate (5.3x10* m^/s) based on &s maximum dispersal 
of lithic clasts. 

The above results can be used to infer particle conceo- 
tratiwis within the Fogo A umbrella cloud. Givoj kaown 
masses of jwticles, M, deposited beyond a radSal d^tas^ r, 
the averse coiwestisttioii is giv^ by: 



M_ 
QT 



(7) 



where 

T is equal to about 12 hours (Carey and Sigur(fes<m, 
1^9). 

Equation 7 can be applied to each of six grain-size fractions 
and the results summed to obtain the total concentration of 
lithics plus cry^ fnagments that are > 500 jins: 



QT 



Because iithiCs and crystals constitute about 14 percent of 
the deposit mass at each locality (Walker and Croasdale, 
1971), we can then estimate the average concentration of all 
clasts that are > 500 p,m within the spreading umbrella 
cloud along the maia (eastward) <Mspetsai axis (fig. 2D). 
Ihb wesAs m^e^ cimtdl ooes^smt&^ss^^ ocmxxk- 
trated SE^)«ision of these particles, wMj the aaialkst fiac- 
ti<m becoming enriched relative to larger size fra^tiitHJS wMi 
di^staace feiit ■■veat; For the Fogo A eruption, concestEatton 
dropped by an order of magnitude as the cloud spread 
downwind about 10 km. Note also that the concentration of 
pyroclasts that are > 500 .tun was probably > 50 mg'm^ up 
to 20 km from the vent. Even so, most of the ash within the 
cloud was probably considerably smaller than 500 |im in 
diameter aad r^ained in tise atmo^here for great distances 
fetm iiie volcano. 



VOLCANIC UMBRELLA CLOUD 
MODIFIED BY A CROSSFLOW 

For cas^ in which the volcanic tanlsrella ciSEmit \m 
been distorted by^ p^mlisg .-ms^ it is its^td to rewt^ 
ecpi^ioi) 3 w. lE^ form: 



(9) 



where 

X is dowiiwind distece, and 

w is the maximum crosswind width to whkk&e anient 
iias ejcp^ded due to gravity. 
Equation 9 is easily integrated if v, and u (wind ^>eed) 
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Figure 2. A, The scdimom accumul^on, S, of lithic clasts is the size interval 2,000-4,000 ism in Ae Fogo A Plinian deposit as a function 
of distence from vent 3, The ajtoal togarito of flie ratio M/Mo, wtoe M is the total sedimentation beyond a given distance and Mq is 
flse bomKiaiy vsiaii, is ptotted ^ast iie diflferesKe of the distaiKse sqtwed from the position of maximum sedimantatson, - r^. Data 
are ^own for four diflferent grain-size intmrals, 8,OWM,(»6, 4,!X)0-2,0(X>, 2,000-1 ,(KK), and 1 ,(K)0-5(X) ftm. C, The Gaussian coefficient, 
B = 1 .83y/0, is plotted against the square root of grain size, showing that the data agree with the equation for settling velocity. D, Inferred 
concentration of pyroclasts in the Fogo A ambreila cloud as a function of distance from the vent along the dispersal axis. Concentrations 
in other ditectikm woali be sommim. lower. In this figwre, k (ecjuaticm 2) is assumed to equal mity. P, pamice; L, lithic (wk) fragnaeiS; 
C, crystals. 



are assapifid constant, asd if dwidt = u dw/dx = (g^h^^, 
wfewe gf is fte re<liice<J gravity and h is current fiiickness, 
assnmoi coasteE^ fi» aay x. Beicm^ tie atmosjjhere is con- 
titiuously stratified and the plume ttiins downwind, (g'h)^'''^ 
becomes XNh, where A- is a constant of order unity that 
depends on flow geometry and ambient stratification (Simp- 
son, 1987; Wo<xfc aiid Kimie, tMs voiume) aad N is the 
lKioyan<^ frequency of the atmosphere with a value of 
approximateiy 0.035 s"'. Under these assumptions, w is 
gives l^: 

w = {I'kNQx) '''Vm (iO) 
The [glutton to equation 9 is ^jerefore: 



M = M^exp |-j^^2liv7§(/''^-4^^)| (11) 
where 

j^o is the distance to tlje vcmsmvm m mass ^umaMon 
on the ground for a particular size fraction. 
The sedimentation within a unit area (unit sedimentation), 
S = (-dMldx0lw), cm fiaUiarsiCMPe be shown to be eqtijj 
to: 



CONCaENTRATlON OF ASH INf VOLCANIC :?LUMES, HARKED FROM DISPERSAL DATA 



23 



Satellite observations of the current generated by the 
imtial blast/surge cloud of Momt St Bdem m Mssy !8, 
1980, and the subsequent Plinian tephra fall fit this model 
weli. The Mast (phase I) cloud as well as the later phase III 
dmd migr^ed dbwpwkd at a vd[<K% of M xb/s (Saraa- 
Wojcicki and others, 1981 ; Criswell, 1987) to distances of at 
least 600 km (15:15 PDT in fig. 3^), and the observed lateral 
expansion wl&i distoce agrees witts equation 10, once the 
current attained the assumed geometry at about 10:45 PDT 
(fig. W). Using equation 10 and the above values for A' and 
u, we infer tihat XQ = 3.9xl(^ m%. 
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Figpre3. Data on the gecaneby and speed of flse distal current 
crated Ijy Mount St. Helens on M^ !8, !$80 (t^aa fsxm Sama- 
Wojcicki and others. 1981). A, The speed, «, of the eastward drift of 
the current front, 28 m/s, agrees well with wind speeds measured 
within the region of approximately 30 m/s (Sama-Wojcicki and oth- 
ers, 1981; Carey axrf Sigurdsson, 1982; Sparks and others, 1986; 
CfisweU, 1987). B, TIse (feveloptieBt of jtone widfe, w, wift dis- 
tance follows equation 10 (sectexQ. Widfe was measured as the 
greatest north-south extei^ of die COTP«t a* fte times and maximum 
distances shown in A. 



Crystal accumulation data for the 2.5-, 3-, 3.5-, and 4-<|> 
(177-, 1 25-, 88-, and 63-fim) size Iractiofis of tihe May 18ash 

fall deposit show maxima that increase in distance from the 
volcano with decreasing grain size (fig. 4). Virtually all of 
the isSa ast tiiese stances was deposited from As Piiman 
plume (Carey and others, 1990). These peaks probably rep- 
resent the downwind translation of each sedimentation curve 
frcm fee comer region betwem fee column naargia and lat- 
erally moving gravity current (fig. 5.4). Thus, significant 
downwind transport occurred after the crystals fell from the 
base of Ae umtwella region. This is in contrast to fte proxi- 
mal data for the Fogo A ash fall di^posit, where the accumu- 
lation peaks for coarser paifeles are displaced only 
negligibly one ftom another. Accamaiation data on tihe 
downwind side of the maxima fit equation 1 2 well (fig. 55), 
with a decrease in sedimentation with distance that is a func- 
tion of particle s^iag velodty, v. We note feat iKs Plinian 
deposit was not formed from the giant cloud generated in the 
initial blast but from the eruptive activiQr that followed it. 
We ai« feefefore assanming in our ^EJsflysis fisat fte lateral 
spreading of the HinJan phmse was similar to feat of fee ini- 
tial mushroom cloud. 

For particles in fee size range 63 to 177 jim, the 
fall velocity, v, is a complex function of grain size (Bur- 
sik and others, 1992b; Annienti and others, 1989). The 
ejqpcwnti^ arostant in equation 12 should be propor- 
tional to the fall speeds given by .4rmienti and others 
(1^). Thus, the exponenliai constant in equation 12, 
which is proportional to v, shcmld be proportional to fee 
square root of fee grain diameter. The data agree with 
iwe<i<^n (fig. 5C). tl« rfq>e, 2{2XNI0^''^l3u, has 
a vatae of 8.35xl(^^. Using wind vataes ftom Carey aiKi 
others (1990), we infer that HO = 1.8x10-^° s/ml Com- 
WniEg fee values for and XIQ leads to fee conclusion 
, tfeat % s 0.83, Q = 4.7x10^ m%, m& plume height 
above vent, H, a 20 km, which agrees reasonably well 
wife observed plume heights of 1 l-l 7 km observed dur- 
ing fee Piiniaa phase (Harris and ofeers, 1981) and 
heights of 13-16 km calculated from the dispersal of fee 
largest clasts (Carey and ofeers, 1990). We can examine 
fee translation of particles below fee umbrella region 
(fig. 5A) by calculating the transport using the wind 
intensities recorded in fee area of Mount St. Helens on 
fee morning of May 18 (Carey and Sigurdsson, 1982). 
The trend of the observed data crosses the predicted 
trends, wife agreement occurring for fee 177- and 125- 
pm ftactims. Significast <feviations are found to occur 
for grain sizes of less than 63 um, with the predicted 
transport distances being much larger than fee observed. 
This divergence is likely due to fee proems of particle 
aggregation, which resulted in the premature deposition 
of fme ash and the production of a secondary feickness 
niasdmuffi in fee area of Ritevilie, Wash. (Caar^ ai«! Sig- 
urdsson, 1982). 
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F^re 4. Downwind variation of fdsic crystal unit sedimentation, 5, in kg/m^, wiA distmie from the vest for the A, 177-250-|im size 
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C<»jas!»tetiions within flie emferdla cload of the crystai 
size fractions can be calculated fcotci: 

<Z> = Sv/Tu^ (13) 

The May 1 8 ereption had a duration, fs 8 hoars, hence 
all variables in equation 1 3 can be constrained with available 
data. Figure 5D is a plot of the estimated decrease of concen- 
testH» of the felsic crystal firactions ftcm 63 to 1 77 along 
the dispersal axis, to the east of the voicano. The concentra- 
tion of these crystal fractions is rather dilute, being beiow the 
critica} vjdue of 50 mg/m^. However, the crystals constitute 
less than about 50 percent of the total mass in each of these 
grain-size fractions, and most of the deposit is finer than 63 
pan (Carey and Sigurdsson, 1982). As wiSi ^ Fogo A cloud, 
tl» larger grain-size fractions ba:oine (fepleted relj^ve to the 



smaller fractions with increasing distance because of their 

higher fall velocities. A strong wind decreases the sedimen- 
tation of pyroclasts at a given distance (equation 12). The 20 
mis wind at the base of the May 18 clotid allowed the con- 
centration of these crystal fractions to drop by an order of 
magnitude only after the cloud spread downwind about 100 
km, and c<w»ntratk>ii of i»e 63- to 1 77-iim crystal fractions 
alone was still >1 mg/m^ at 100 km from vent 



THEORETICAL PARTICLE- 
CONCEiNTRATION VARIATIONS 

Reasotiable agreement exists between sedimentological 
observations and the theoretical model of flow arjd sedimen- 
t^m m volcanic umlKeiM: clouds. We ktve ^wn ^sat ihs 
sedimentological cbta can be used ("inverted") to inf^ 
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particle concentrations within volcaiiic plttoies (equations 7, 
8, and 13). The model can also be used in a "forward" sense 
to predict concentrations of particles in hypothetical plumes 

{istauce &om & volcaoo as a function of plume Migixt 
and wind conditions. Even fliosigfe a folly comprehensive 
model of plum c d: spcrsai by the wind has not been developed, 
some useful guidelines on likely concentrations can be given. 

We have calculated ash concentrations as functions of 
distance from the vent for specific, end-member cases of 
plume geometry. For this purpose, we have chosen a model 
grain-size distribution, given in table 1, which is typical of 
the grain-size distributions estimated for Plinian eruptions 
(Woods and Bureik, 1991). We have assumed that 70 percent 
by wei^t of ihe ejecfca are finer ftan 2,(HK) \m mid have czl- 
cidated iJte changes in com^ntr^on of each grain sizs wilih 



distance. The initial concentration is related to plume height 
as calculated by Sparks and others (this volume). Our calcu- 
lations assume oi*e particular grain-size cfeSiitation of the 
ejecta, to tibe chaag^ to coacaffi^on aie very soisitive to 
the initial size distribution m the plume. This point is illus- 
trated by calculation of the jK^deuce time of particles of dif- 
ferent diameter in a 5-kin-tiHdk layer in the atmo^here 
cente^d at 12.9 km (39,<K)0 ft) altitude. The estimated set- 
tling velocities of different particle sizes with a density of 
2,000 kg/m? at these altitudes are listed in table 1 . From this 
information, equation 2 can be used to estimate the time 
taken for the concentration of each size to decrease by I/e of 
the initial concentration. This time is also that for each grain 
size to Ml a distance of 5 km un<kr static conditions. The 
orders-of-ma^ttu^ changes in resldmce time among the 
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Fi|?Eire S. A, The observed posstioss of crystal accumulation peaks (from fig. 4) &r the May 18, 1980, Mount St. Helens ash fall deposit 
cmjsmd to fteir calculated (modbl) positiksB based m flieir SansMcm in the eastern Washin^cm whid field after Ming from fee base of 
the ambrelfa cloud (muriied for Sse c2!ct!Jati<Hss to be at an jdtitode of 12 km). B, The decrease in norroalszed scdanrast accusnaJaiS<m, S/S^, 
with distance for the Mount St. Helens fallout is consistent with a distance to the three-halves, x^'^, dependence for the 177-250- to 63-88- 
fun crystal size fractions. C, The value of the exponent in equation 12 (see text), IvI'iuQXNIQf'^, is consistent with the terminal velocity 
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Tatole 1. Model giaia-size distribsjtioa m weigtit peswast for cake- 
Iation$ of ft« cjiai^es of concentration in volcanic plumes wish 
distance ftoas fiie y«st 

^ Stm&. tet 2 am. thi «»8mtc(l::^mM M v^)cl^ of .;a&ie, mss widi 
4 (Sms^ of 2,000 kg/t^ a 12,9 test 0$;9O0 ft) is btssd ai h^-^w^ds- 

m^ter settSi^ of paitldfei > 3S5 pm oe tow-Reyiit^wnbtar se^i% of {iai&- 
dies < ^(eER:<Wtta 9B>d {979^ 
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effect of aggregation on our results we have assumed that all 
the particles less than 63 p.m in the size distribution of table 
1 M as aggregates wiWb sizes ftem 90 to 1,400 fim. We 
assume that these aggregates are evenly distributed in each 
of the size intervals above 63 urn and have calculated the 
variation of concentration with distance in a 10 m/s wind. 
Figure IB compiffes calcMteticsiS wife &e case of indi- 
vidual particle fellout and ^ows that ash concentration 
decreases much more rapidly wais segregation. These calcu- 
lations indicMe tiiat much more i»eds to hs known al»at 
aggregation psocesses fa order to cmamtmtkm of 

in voicaaic douds. 

The model can be generalized by calculating concentra- 
tion as a function of area to which the cloud has spread. 
Equation 4 can be written in the form: 

f 1 

<X> = <Zo)exp|-||4| (14) 



particles typically present in plumes indicates that size distri- 
bution must have a major influence on the change of concen- 
tiatjon wife distaii<^ and time in a volcasic i^ume. 

For dispersal in the absence of wind (equation 5), 
plumes that reach the stratosphere can form umbrella clouds 
feat maintain concentrations for substantial distances 
from the volcano (fig. 6A). For example, a 22.8-km-high 
plume still has a concentration of 2,000 mg/m^ at 100 km, 
and a 9.8-km-l3lgfe.:pliime.has a.co!K«iteat!oa of 50 mg/ia^ 
200 km distance. The sensitivity of concentration variations 
to total grain-size distributions is illustrated by the variations 
of tl» j«lalive ccmcoitrations of eadj grain size with distance 
for a 22.8-km-Wgh (75,000 ft) plume (fig. 6S). Large grain 
sizes decrease lldirocmcentration much more rapidly. 

Dispersal by a constant wind blowing much faster than, 
the gravitational spreading speed can be approximated wife 
a cloud layer of constant thickness and width. Our calcula- 
tions suggest that wind speed plays an important role in 
determining the concentrations of ash likely to be encoun- 
tered by aircraft in (ispersisg^plumes (fig. lA). Th«e calcu- 
lations, however, do not take into considersrtion particle 
a^regation, which is likely to decrease concentrations from 
feose predicted because of premature fallout. A number of 
^<fe8 (SorafR, 1981; Biazler and ofeers, 1982; Carey and 
Sigurdsson, 1982; Gilbert and others, 1991) have shown that 
fine ash particles aggregate in the plumes and consequently 
Ml out tmch more Ht^dly tim predicted by coasideratitm 
of the fall velocities of individual particles. Observations 
indicate that particles less than 63 p.m are strongly suscepti- 
ble to aggreg^on processes. For example, aiudi of fee sub- 
63r-p.m ash in the May 1 8th plume of Mount St. Helens fell 
ootat 300 to 450 km to produce secondary thickening of the 

dc^sit (Carey aad Sjgtmisson, 1982). To illustrate fee 
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Figure 6. A, Ash concentration in an ambrella cloud (in mg/ia^) 
is plotted against distance for six different column heights and for 
dispersal in the absence of wind. 5, Relative concentration of ash is 
plotted against distance for each grain size class for a 22.S-km-high 
colmnis in ^ absttos of wi!»i. 
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l^^geset 7. A, Corxentration of ash (in mg/m^) is picked s^aiiist dis- 
tance for a 22.8-km-high column erupted in no wind and for down- 
wind transport of a layer 5 km thick with its base at 15.9 k:r. a'titudc 
for wind velocities of 10, 20, and 30 m/s, aud for flie «se of no wind. 
B, Comparison of fte downwind cte^ in ash concentration be- 
tween the case of individual fallout of all sizes and the case where 
particles less than 63 p,m aggregate. Calculations are for a wind 
speed of 1 0 m/s and a 5-km-thick iayer wife base at ! 5.9 km. Details 
of the cafculations with particte aggie^ras soe given in text. 



where 

p - Qluk is the outer perimeter of a control volame 
(fefiaed by as isodsiraacm ^jffece to vi*ich raateriaJ 
had spread by a certaia time within flje lanlwella 

cloud. 

Integration of (14) thus yields: 



where 

X is measured at the perimeter of A, the area to which par- 
ticles of a gives grain size have firaveied, and 

Xi - %<^^^'^> *2 "virtual" sedimentaticm &tA=Q. 
It plume height, H, aad &e tofati giain-size distriiRition of 
material entering the uinbrelfa cloud can be estimate4 ffien 
equation 13 can be applied to predict the total concentration 
of particles within the cloud, <Xr)- (Xr) is the sum of the 
coBJ^tjration of paiisdes witJan each of N individHal parti- 
cle-size clmes: 
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Figure 8. A, Ash concentration as a function of the area encom- 
passed by an isrchronous surface within the umbrella cloud for col- 
umn he^his fron 10 to 40 Ian. The grain-size distribution is feat 
from table 1 . B, Concentration vsaiation for different tots! grain-size 

distributions with means shown next to curves. The standard devia- 
tion, in 0 units, for each curve was assumed to be 2.5. Distributions 
are for phreato-Plinian/'coigninibrite (mean = 82 um), Vulcanian 
(330 pti), Pfinian (1,500 |im), and Strombolian (26 mm) enq>tions 
(Woods aMBtffssk, 1991). 
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(Xr) = Z<Xa)«-^'^''^ (16) 

where 

Xll is the sedimentatioa &tA = Q, and 

V; is the terminal velocity of the ith particle-size class, and 

Q = 713H^-^ (Bursik and others, i992a). 
We have estimated coticeafcrations with area for a xm§& 
of particle-size distributions and eraption-plume heights. We 
have used four different particle-size distributions covering 
the range typical of various types of eruptions (Woods and 
Bursik, 1 99 1). Figure SA shows calculations for plume 
heights from 10 to 40 km. Even relatively small Plinian 
plumes, approximately 10 km high, will have dangerously 
Mgb c^RC«Htraik>8s of pyixwlasts over large (s 10* 
km^). Figure 8S compares calceiations for a 17.3-fan ptame 
with different gram-size models. As expected, plumes ftat 
contain finer graiiMd material, such as those generated by 
coignimbrite or phreato-PIimas eruptions (Wilson, this vol- 
ume), will retain dangerous concentrations as they spread to 
encompass large areas (= 10* km^). It is much more difficult 
for phimes containing large partides, such as those gener- 
ated by Strombolian eruptions, to persist over similar vast 
regions. In addition, Strombolian eruptions rarely attain the 
high mass eruption rates, hence column heights, of the other 
eruption types. Equation 16 thus gives the quantitative basis 
for estimation of concentration variations within volcanic 
tanlneila clouds, i^ludSng ^Kise in which mtd plays m 
ratpottant rote m t^Jua, di^oal. 



CONCLUSIONS 

Hie se^meataticwR of large, nonaggregating pyroclasts 
from volcanic umbrella clouds has been successfully 
modeled using a simple treatment. The agreement of the 
model with grain-size data from ash fall ^posits su^sS 
that estimates of ash concentrations within the cloud arc 
reasonable. Using both direct estimates from sedicnentoiog- 
ical data and die predictions of a pliane model, we have 
shown that concentrations of ash in volcanic clouds that 
penetrate altitudes where commercial airplanes fly can 
exceed (by sevwrf orders of imgmtade) iie <»iK»ntr3tioiis 
known to cause severe engine damage or failure. Danger- 
ous concentrations can potentially persist for hundreds of 
Idiometers from the vent. However, Ae mode! is cleaiiy 
sensitive to the overall size distribution of ejecta and needs 
to include the processes of ash aggregation due to electro- 
statics (Gilbert and otiiors, 199!) and moistare wi&in fte 
umbrella cloud. 
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ELECTRICAL PHENOMENA IN VOLCANIC PLUMES 



By Jennie S. Gilbert and Stephen J. Lane 



ABSTRACT 

Observations of lightoing and St Elmo's fire witlim 
volcanic eruption plumes suggest high degrees of charge. 
Measurements of eiectrical chaige on ash particles falling 
frcsa tibs eniptioa plumes of Sdoirajima Volcaxio in Japan 
isiiicate tisaE &e pjgtides are nearly saturated with charge. 
Ctacge-&)-»ass <QM) ratios range from ■+3x10'^ to 
H^xlQr* C kg-' a!K3 from -2xJCH to -5xl(H C kg"'. 
Sequential positive and negative deviations of electric poten- 
tial gradient from background of several orders of magnitude 
were measiired during explosions &at generated particles. 
No deflections from background were found during explo- 
sions that released only gases. During fallout of particles, 
negative electric potential gradients occurred, whereas posi- 
tive gradients were observed during fallout of acid rain. The 
fluctuations of potential gradient during the generation of 
paiticle-laden plumes asd the observation that falling parti- 
cles carried an average negative charge, while acid raindrops 
cmied an average positive charge, suggest a dipole arrange- 
ment of charge within plumes such that positive charges 
dominate at the top of the plume and negative charges dom- 
inate at the base. TTie ch^e polarity may be reversed for 
otiier volcanoes. The presence of charged liquid drops of 
condensed volcanic gases suggests that charge is generated 
mainly by fracto-emissson proc^ses during magma ftag- 
mentation within the vmt, rather ihm by collision effem 
within the plume. 



INTRODUCTION 

Spectacular displays of lightning are common in parti- 
cle-laden volcanic plumes, indicating that locally the air ion- 
ization limit has h&m exceeded (Biyflie and Reddi^, 1979). 
Amongst many other examples, lightning has been observed 
at Vesuvius in 1872 (Palmieri, 1873), Krakatoa in 1883 
(Simkin and Fiske, 1983), Vesuvius in 1906 (¥&a^ 1924), 
Strombdl in 1907 (Perret, 1924), Anak Krakatau in 1933 
(Simkin and Fiske, 1983), Surtsey in 1964 (Anderson and 
ofteis, 1965), Hestmaey is 1973 ^rook and others, 1974), 
Usi in 1977 O^ikschi aai Eadoh, 1982), Mount St Helens 



in 1980 (Rosenbaum and Waiu, 1981), Redoubt in 1990 
{Hoblitt and Murray, 1990), Hudson in 1991 (Jose Naranjo, 
University of Chile, Santiago, Chile, oral commun., 1992), 
and Sakurajima (present authors). Therefore, high degrees of 
electrical charge are present in volcanic plumes, and this 
electrical charge, as well as producing magnificat vissiaJ 
displays, may also encourage particle aggregation and thus 
increase the sedimentation rate of particles (Sorem, 1982; 
Gilbert and others, 1991). Airaraft in fli^t accumulate faiily 
large potentials (Newman and Robb, 1977) from contact 
with atmospheric particles, which may or may not be 
charged. These potentials "bleed off in the fonn of a corona 
or point discharge, also known as St. Elmo's fire. Severe St 
Elmo's fire around aircraft has been reported by pilots unfor- 
tunate enough to encounter volcanic plemi^ while in flight 
(E.H.J. Moody, British Airways, oral commun., 1991). 

Our aim is to assess the magnitude of charging in vol- 
canic plumes and to understand thi origin of the charged par- 
ticles. In order to do this, we praseitt r^lts of two series of 
field experiments carried out at Sakurajtma Volcano in May 
1990 and March-May 1991. In the first experiments, we 
measured the amounts of charge present on particles falling 
from Sakarajima's plumes, and in flse second, we measured 
perturbations of the atmospheric electric potential gradient 
from the backgrwnd fair-weather field during emptions. 

Sakurajima is m andesitic stsatovolcano, 1,118 m high 
in southern Kyushu, which has had repeated flank and sum- 
mit eruptions duritig hi^ric times. Because Vaicanian-type 
summit eruptions h&vt,0C(mm&mA.MIy Mm since 1955, 
Sakurajima is the idea! "woiicing laboratory" for volcanic- 
plume experiments. During May 1990, the eruptions were of 
a continuous style and lasted for a few days. In contrast, in 
March-May 1 99 1, the eruptions were of an explosive style, 
accompanied by explosion earthquakes and atmospheric 
shock waves, m4 w«e sistei^d for oiiy a few hcmrs. Bm- 
ing both periods, plumes reached a tmxhmm Iwight of 3 km 
above the summit and were frequently di^ri^ by the wind 
so that particte were deposited asynwietrically around the 
vent on the surrounding countryside, including several vil- 
lages, Kagoshima City, and Kagoshima International Air- 
port. These differed styles of activity complemoited fee 
typ®. of exiKrisaefflt. qairied out msh ymt. 
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EXPIBIMENTS 

I. MEASUREMENTS OF ELECTRICAL 
CHMIGE ON FALLING PARTICLES 

FRlViOUSWORK 

Hatakeyama (!958) used a collecting device in contact 
with an electroaieter in order to measure the average charge 
canied by p^cl^ MMss^ ^cm tite 0Ri|^<m pkme of 
Asama, Japan, on 2 August 1941. The experiment was car- 
ried out 50 km from the vent and the average charge was 
found to l» -1.2 eSH per gram (^loximt^iy -4xi©~' C 

AKPARATUS 

Our experimeate differed from fese of Hatakeyama 
(1958) in ttet we separated positively from negatively 
cfeHged p«i<fe aiia measareid^^ft^ amount of charge canned 
by each. Particles (> 500 ptm wide) falling directly from tJie 
eruption plume were allowed to pass between two parallel 
copper piates mounted in a gromded case. One plate was 
connected to Earft, fee other to a high-voltage supply (±3 
kV), to yield an electric field of 1 .2x10^ V between the 
plates that separated the positively and negatively charged 
particles. The cfeasge on parMcles ccaitaKting tt© grtwmded 
plate was measured by a Keithley 614 electrcHneter. Leakage 
currents across the plastic iasuiaitoTS iat s^j^rted the 
plates, or re^ilti!^ from my corona discterge within Ifte 
apparatus (although surfaces were rounded to minimize this 
effect), were only just detectable at < 0.1 pA when humidity 
was low. IfaJer o^itioeis oi Mbc^^, feafaige cur- 
rents became appreciable (> !0 pA). 'Hfeiiates were covered 
with a layer of oiled aiuminum foil to wlikh particles would 
aJsere. After eaii ©spr&iS, ffie i^fficles we raibwd 
from fte foil by reflux degreasing in isopropyl alcohol and 
weighed to determine the charge-to-mass (Q/m) ratio of the 
sample. The size distribution of the samples was d^nnaied 
from silicon X-ray images of particles resting on a carbon 
substrate using the Link Analytical Featurescan facility. 

Results of two experiments (figs. I and 2) from two 
different eruptions indicate substantial changes in the gradi- 
ent (nC mtn™*) between tihe sMeldied state of ftte wispetsSHxs 
(when no particles were collected) and the exposed state. 
Figure 1 shows data for an experiment carried out during 
falioiit of dry aggregated partides, A -3-kV supply was 
used in order to accelerate negatively charged particles 
toward the grounded plate where the amount of charge car- 
ried was measwred. After a stabilization period of 64 min- 
ute, daring which time the apparatus was shielded, a light 
asSiMI was allowed to pass between the parallel plates. This 
resulted in an increase in gravest (vC min"'), indic^g the 



cumulation of negatively charged particles on the 
grounded plate. During the period 70 to 76 minutes into the 
exp^Hte^ ^ Ml sdmost catsed mi Hie nC miR~' rate 
returned approximately to the background state. Between 76 
and 84 minutes, light fall occurred and a steeper nC min~^ 
gradient was reestablished. After 84 minutes, fsfl ce^ed 
and again the readings returned to the background level. 
The Q/m ratio for the sample collected in this experiment 
was -2.7x10"^ C kg~^. Grain size (on a number-frequencg' 
basis) was in the range 0.9-152 am, the mean diameter 20.7 
p.m, the 95th percentile 54 |im, and maximum-frequency 
diameter 54.5 pm. The grounded plate carried 1.5 mg and 
the kV plate 0.5 ix^ of particles. In this experiment, 93 
weight percent of the sample passed between die plates and 
tiberdbre carried insufficient Q/m ratio to contact the plates. 
No aggregated particles were observed adhering to fee oiled 
plates. This implies either that the aggregates had insuffi- 
cient Q/m ratio to be attracted to the plates or that they were 
fragmented by the electric field and the resulting particles 
were to botfe j^bites. 

Is a MWemA &^mmi^ (#g. 2% a +3-kV ^^pply mt& 
used (i.e., positively charged particles were accelerated 
toward the grounded plate for measurement). After a stabili- 
zation period of 21 minutes, a light ashfall was allowed to 
pass between the piates. This resulted in an increased nC 
min~^ gradient. After 68 minutes, the apparatus was shielded 
SO tto IK) particles amW ammul^ asd tibe i«dc^ c«nTO 
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Figure 1. Charge (nC) versus time (minutes) forparaUd ptotes ex- 
periment using -3-kV supply. The charge-to-mm ratio was found 

to be -2.7x10"^ C kg"l The period when the plates were shielded 
from ashfall is indicated by solid symbols; open symbols indicate 
the period when the plates were exposed to ashfall. Tempmfiirei 
and relative humidities at the start and finish of the experimrat ware 
ZS'C, 44 pesrcm; and 23*C, 48 percent, respectively. 
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Figure 2. Omge (nC) msits ^mt (maeiats} fo^ pandHd |>h^s 
expem»«st using +3"*V st^ly. The. cliac^*>«8ss ratio was 

found to be -i-4.9xI0-* C kg"'. The period when the plates were 
shielded fro.T. ashfa'.l is indicated by solid symbols; open symbols 
indicate the period when the plates were exposed to ashfall. Best fit 
straii^ lines &e soM symbols are sliown. Tsni^ratur^ and 
relative haiadities at fte start and finish of the experiment were 
20*C, 66 percent; and 19°C, 74 percent, respectively. 



tmmed approximately to the pie-coiectioa st^. He Q/ia 
ratio for this experiment was -4.9x10^ C kg~*. Grain 
(on a number-frequency basis) was in the range 1-253 iim, 
the meat! dmrnete- 28 pm, the 95 A peroentiie 71 pm, and 
maximum-frequency diameter 49.1 um. The grounded plate 
carried 2.6 mg md tbe kV plate 3.7 mg of particles. In. this 
experiment, 77 weight percent of the smide passed between 
the pkles. Agaliv no aggr^ates were <^>served m die fiates. 

DISCUSSION 

The Q/m ratios measured in this work are an average 
over a wide range of particle sizes (1-250 iim). Smaller par- 
ticles will have a higher Qfm ra*io Ifesa larger particles due 
to their larger surface area to volume ratios (charge resides 
on the sirface of particles) and due to the Paschen law 
(Blytihe md Reddish, 1 979). The Q/m valties ased as dte for 
igwjes I aad 2 yield sarface-charge densiti^ (a^swafeg 
spheri,caJ particles and niaximam-frequcncy dameters) of 
-7x10"^ and -i-9xl0~^ C nr"^, respectively. The theoretical 
maximum surface-cfeaige density on a flat surface in the 
atoosphere is ±2.6x10"^ C m"-^, above wMch & breakdown 
occurs. As particle size decreases below about 1 mm, the 
divergence of the electric field away from the particle sur- 
face reduces the <^fective ^aak gap of the system, aUowing 



higher surface-charge densities to be stable in air (Blythe and 
Reddish, 1979). Blythe and Reddish (1979) calculated from 
the Fss<h.m Isw tibat particles 50 ym in diameter may sustain 
surface-charge densities of approximately 1.5x10"^ C m~2 
but that these levels are difficult to observe experimentally. 
Tbsy state that, for ps^c^ purposes, the maximum chaige 
per unit mass carried by a stream of insulating particles may 
be calculated assuming a surface-charge density of ±1x10"^ 
C m~^. i»rticles produced during Sakurapaa's :^*p- 
tiatis thBB appear to be charged almo^ to ije air kmizm&m 
limi^ th« is, they are neariy smeis^ wife daige. 



U. MEASUREMENTS OF ELECTRIC 
POTENTIAL GRADIENT CHANGES 
BURING ERUPTIONS 

PREVIOUS WORK 

The effect of eruption plumes, fallout of particles, and 
acid rain on the atmospheric electric poteai^k^Eadicnt is not 
well understood. However, dbmdmt n^a^rements of elec- 
tric-potential-gr^aat dbang^ beneatli asd wifiun thundep- 
clouds suggest tbaX most have a ccH»»ntntt!on of positive 
chaiges in tiseir ui^>er re^ifflES, wiUi a lower i?egioa of nega- 
tive chaige and a fteflier concentetion of positive charge in 
a limited zone at the base of the cloud (Chalmers, 1 967). This 
arrangement is thought to result from ciiarge-separation pro- 
cesses operating at different levels witibin the cloud (Chalm- 
ers, 1967). Charge distributions have also been described in 
dust devils (Freier, 1960; Crozier, 1964), aad is non-raining 
clouds (Wlaiock and Chalmers, 1956). Electric-pofesAl- 
gradient measurements made during fair weather, beneath 
clouds, and during rainfall and snowfall are available 
(Ch^bim, 1967). 'B&tsk&ysmz (1949) i«coided a negative 
potential gradient during the overhead passage of the parti- 
cle-laden cloud from Yake-yama Volcano in Japan. During 
eruptions of Aso Vol<^o in Japan, Hatakeyama and 
Uchikawa (1952) observed an eruption plume dominated by 
positive charge in its lower region and by negative charge in 
its upper r^ioa. At Smts^, ei«tric-potentiai-gradient <kta 
were collected by towing an electrometer and radioactive 
probe mounted on a ship beneath the particle-laden plume 
(Anderson and others, 196.5), but the potet^aa-graSeiS 
changes resulting from the presence of the plume were difS- 
cult to decouple from the effects of breakiiig sez. waves on 
lava flows. Kikuchi and Endoh (1982), sff3B2ri»d"5 km NE. of 
the veia of Usa Volcano, Jafsts, vtmsmed a i^ative field 
associated with the generation of a paitide-feden plume on 
12 August 1977. On this occasion, lite fdnme did not pass 
overhead but moved to the NW. On 13-14 August, these 
authors measaared altematiag positive aad negative poteatial 
gradients during particle fallout. High-speed monitoring of 
the atmospheric electric potential gradient during explosive 
emf^e^ at Siyte^ima ^atsumoto aad o^ksis, 19S$) f<msd 
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gradient ciianiges of tbe order of i V approximately one 
second after m explosion. Tfese changes in gradient were 
correlated wife shock waves. Hone of the above volcanic 
^idl«S :iBvestigalai the effect of &ddrmiMl on ttte pototial 
gradie^ 

APPARATUS 

Here we report electric potentiM fcadieat measure- 
ments made: (I) as paiticle-ladea plumes passed overtiead, 
as wet! as at sSstance from the ield meter, (2) as piumes of 
condensing gases passed overhead, and (3) during periods of 
particle fallout and acid rainfall. Measurements were made 
between 2 and 5 km from the vent using a stationary, tripod- 
mounted, grounded John Chubb electrostatic field meter 
(JCI 1 1 1). The height from the base of the tripod to the mea- 
suring aperture of the field meter was ! .55 m. The advantage 



of using the 



IS to produce a noise free amplification 



of the signal (measured to be a factor of 20) in order to over- 
come increased meter noise levels due to aperture mi Earth- 
connection contamination. Data presented here have hem 
corrected to ground-levei potential gradients. 

Fi^re 3A shows da*a collected daring an expl<»ios ^ a 
locality 2.75 km SSE. and downwind (on axis) of the active 
vsa. Suring the experiment, the weather was fine with no 
cloud cover and a light breeze. For the first 206 minutes of 
the experiment, Sakurajima erupted mainly white plumes of 
condensing gases, which rose approximately 300 m above 
the vcsat. Occascsffial particle-laden plumes of similar size 
were ge^iated that produced very light ashfall. Vent noise 
was ^K©Bt or restricted to low rumblings. .At 206 minutes, a 
load detestation was heaerd and was followed by bombs a few 
meters wMe being thrpwii' oat of Ae vent, after which a dark 
particle-laden plume rose to a height of aigjroximately 3 km 
above the vent. At this height, the plume formed a laterally 
spreading gravity current. At 207.5 tskujtos, the potential 
gradient had dropped to -0.4 kV after which it,mited to 
rise rapidly. At 209 minutes, the cloud was observed to be 
directly overhead, and at 2 i 2 minutes, faUout of particles < 1 
on in ^smetesc commenced. At 213 minutes, tiie maximum 
positive potential gradient of 2.5 kV m""' was obtained, after 
which the potential gradient decreased. At 219 minutes, the 
msoimmm eeg«iv« poteaSal gradient of -2.7 kV m~' ^was 
obtained, by which time the rate of particle felkjiit had 
slowed. By 235 minutes, the potential gradient had r^umed 
to s^pmdmsiidy ^ pEe-€J(pk»i^». baskg3E(H3aid vdm mi 
there was a very light fallout; the bulk of the plume had dis- 
persed with only small emissions coming from the vent. 

Dzt& for an<Aer ffiicpIcK;i<»3 are ssm 'm figure 3B. TWs 
experiment was run at a locality 2 km SW. of the vent. At the 
time of the explosion, the wind direction was NNW., and 
tiiesefore, the fficperiment was nin ofif the di^ersal axis. 



During the experiment, prior to the explosion, the cloud 
cover was 0-20 percent and there was a slight breeze. During 
the first S2 minutes. Sakurajima was amptiag white plumes 
of condfaasiisg gases &at ro^ to a Biaxm>2m height of 200 m. 
At 82 mkutes, a load det<m«^a was heard, at which time a 
dark particle-laden plume ascended to a height of 1.5 km 
above tte vent before ^iea<iBg kt^aiy. After 84 minutes, 
the potential gradient had dropped from background to -1.0 
kV m"^ after which it began to rise. At 87 minutes, fee 
potential gradient was 1 .5 kV m~' . By 88 minutes, the plume 
had ^rtod to di^rse, leaving only a small, particle-laden 
plume @mati^ng from ^ veat. EHirmg dispersed of Ae 
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Figure 3. Potential gradient (kV m'^) versus time (minutes). A, 
Explosion at 1 3:39 local time (local time = Greenwich mean time + 
9 hours) on 3 May 1991. Temperatures and relative humidities at 
the start and finish of the experiment were 18°C, 45 percent; asd 
2 1 'C, 39 percent, respectiveiy. B, Explosion at 1 0: ! 6 local time on 
30 April 1991 . Temperatures and relative humidities at the start and 
finish of the experiment were I6°C, 66 percent; and 19°C, 58 per- 
cent, respectively. C, Explosion at 15:44 local time on 30 April 
1991. The temperature and relative humidity one-half hour into the 
experiment were 22'C and 54 pafceia; re^aaively. 
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E^re 4. Potential gradient (kV m"') versus time (minutes) during ashfail on 25 Mardh !$9L Teni|jeatees asd retoive humidities !&■&>& 
start and 90 minutes into the experiment were 24°C, 69 percent; and 24°C, 73 percent, re^jectivdy. 



plimie, the electric potential gradient decayed approximately 
Qxposestially to tbe pce-explosic® l»ckgiwii«i level. No 
ashlaM occurred at the measurement locality. 

Figure 3C shows the effect on the potential gradient of 
an explosion that generated only ^es. The experiment was 
run at a locality 2.75 km SSE. and downwind of the vent. 
Prior to the exsplosioa, tb»e was a genfle breeze and no cloud 
cover. During this time Sakurajima was erupting small white 
plumes up to 150 m high of condensing gases and low rum- 
blings were coming from the vent. After 159 minutes, a loud 
detonation was heard after which a wMts plume rose approx- 
iiaately 1.5 km from the vent before spreading laterally. The 
generation of this plume had m observable eff^t on the 
potential gradient. By 174 itiiMtsK, pta« ij^ dfesi- 
pated. No particles fell item, the plume. 

Figure 4 shows the effect of ashfall on the electric 
potential gradient The data were collected at a locality 3.5 
ion E. and downwind of the vent, at which time Aere was 
ai^ipoximi^ly 20 percent cloud cover and a breeze. During 
tjje: l^minutes of the experiment, white plumes of con- 
dmsing < 300 m high were eru^pftwi intermittCTitly, at 



which time the volcano was either silent or rumbling. At 1 35, 
141, and !58 minutes, strong gusfe of wind gave rise to 
potential gradients of -0.25 kV m"'% -0.45 kV m~'% and 
-0.21 kV respectively. After 180 minutes, a detonation 
was heard and a jarticie-laden plume ascended approxi- 
mately 500 m above the vent. The plume then moved over- 
head. Light ashfall commenced at 219 minutes and 
continued untii fee ^ of the experiment. J>mng this time, 
fee potoi&i gradient decreased to nearly -! .5 kV m"^ . 

T!ie effect of plume-induced acid rain on the electric 
potential gradient was investigated in an experiment (fig. 5) 
Gsamd oitt a lo<alify 2.25 km NW. m& downwind of the 
vent Atthastifflie, the weather was overcast with 1 00 percent 
doud cover. Satoirajima was erupting a plume (> 300 m 
hi^), and naaiMings were aaning &can tfee vent. A light fall 
of particles (> 2 mm in diameter) occurred for the first 30 
minutes of the experiment. Between the periods 15-22 and 
32-41 minute geirfie, particle-finee liquid dkqps fell, irritat- 
ing the skin. The drops were tested with pH indicator paper 
and found to have a pH of < 1 . The drops were generated by 
coa<teBsation of volcanic gases. 
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Figure 5. Potential gradient ui"') versus time (minutes) during plume-induced acid rainfall on 27 Apri] 1 99 1 . At the start and finish 
of (he experiment, tetiperatares and reMve htroidities were 16X, 90 pereent; and 19°C, 74 percent; respectively. Solid symbols indicate 
period of mnM. 



The poteetiai gradient da& are c»BsisSrat wife |»rtic!es 
falling from the pliane with a net average negative charge 
(fig. 4) and acid rainJEdl with an average positive charge (fig. 
5). Explosi^BS ii^ g©ae*ated no |m6cki pEoitice<i so mea- 
surable fluctuations in the potential gradient (fig. 3). Explo- 
sions that generated particles were characterized by large 
chati^ in poteafel ^i^^ (figs- and 3^. this implies 
that lava-dome rapture during explosive steam emptions 
does not necessarily generate large amounts of particles or 
result in agnificaat charge sepamion. Processes that gener- 
ate considerable quantities of particles, such as degassing of 
magma, do result in the generation of charged particles and 
volcanicgases (ions). 

Explosive eruptions resulting in particle generation 
exhibit sequences of potential gradient reversals (figs. 3.4 
zM W). lls^m revenats may be explained in this case by 
assigning an average negative chai^ge to |»rticles and posi- 
tive charge to the erupted gases, which condense to yield 
positively charged liquid drops. Figure 6 shows one series of 
possible explanations for the potential gradient reversals. 

In the early stages of the eruption (fig. 6^), positively 
charged gases separate from the particles at d» Iqp ^rf" fee 
column due to settling of ash particles. Particle aggregation 



would enhance this process by iiKsreasmg the rate of Mlout 
fi-om the top of the cloud. Separation causes the initial nega- 
tive-potential-gradient pulse seen in both on-axis (fig. 2>A) 
at^ ofF-axis (fig. 35) sifiiatsoas. This is due to iie n^alively 
charged (on average) base of the column being closer to the 
field meter than the positively charged (on average) top of 
tibe colaias. A latealy s^iea^t3% ^vity cun^ develc^ 
(fig. 6B) and higher wind spe^ accelerate the gases ahead 
of the particles at high altitwfcs m& give rise to the positive 
p<^sistiafl gra(ient^ia"lit« Gmsssis '&SK^. 34)- Gas^ es<a^ 
ing from the side of the plume generate a posative potential 
gradient in the off-axis data (fig. 35). 

In the final stages of the eruption (fig. 6C), the plume 
recedes from the off-axis field m.eter generating the near- 
exponential decay in potential gradient (fig. 3C). As die 
plume moves over fte oa-®cis field meter, n^ativdiy 
charged particle-laden regions of the plume dominate fee 
potential gradient and the near-exponential decay as &e 
piume refresh is practeated by periods of ash&Il (fig. 3^). 

H^^eyama and Uchikawa (1952) proposed a dipole 
model to explain their observations but assigned charge of 

one sign to large particles and charge of the other sign, to 
small particles. We see no physical justification for partcle 
size to control charge polarity of insulating particles because 
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charge transfer on contact is driven by differences in surface 
work function. This function depends on surface composi- 
tkm particles, which may be different from their bulk 
composition. Previous workers (Hatakcyama and Uchikawa, 
1952; Hatakeyama, 1958) have suggested that charging of 
particles occurs within the plume due to grain-grain colli- 
sions. This mechanism does not adequately explain the gen- 
en^ke of charged gaseous species that condense to form 
cteged i(pad <ir«^. Weptic^posetfistf chaige is ge»mtei%' 
ftacto-em.ission (Donaldson and others, 1988) processes dur- 
ing vesicuiation and fragmentation of magma within the 
vem, vi^wce fortidte gei«sra*i<Hi is tsdcing plJK*. fbesc fto- 
cesses ytWWfi ionized volcanic gas and charged particles. 
Ths gemm^ikm rates of charged material within a convecting 
iow-d«tisity phune imist be stgmficantly lower flian within 
the fragmentation zone. The polarity of the charges gener- 
ated may depend on the volcano or eruption studied and may 
be a ftakfiija of n^nm dtetsi^ (Ha&Jtcyana and 
Uchikawa, 1952; Anderson and others, 1965). 

We calculate to a first approximation that, in order to 
genento a potential gradient bf 2.5 KV (fig. 3A% a mm- 
mmn excess djaage conceatts^on is (fe gas doud of 
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Kgore 6. Schematic representation of the growth and dissipation 
of an eruption plume to explain changes in potential gradient mea- 
sured at ground level. Sec text for ex^sm&xi. 



approximately 10-'^ elementary charges per cubic meter (e 
m"^) is required if a gas/particle separation distance of 10 m 
is assumed. Similarly, Anderson and others (1965) calcu- 
lated an excess charge of 2x10^*^6 m"-' for the eruption cloud 
of Surtsey. Assuming the same excess charge concentration 
for the fMHticle-Iaden clou4 a valoe of sorface-chaig e dm- 
sity of 10""- C m-2 (Gilbert and others, 1991) and 25-itm- 
diameter particles, calculations give an excess charged-par- 
tide concei^r^on of i# ter^. His yM«fe m mms mws 
loading of 10"* kg m"^ of charged particles. Hatakeyama 
(1958) found an overall (positive plus negative) charge-to- 
msm ^fmj ratio for feling pstrtides of -4x1 0^7 c fcg-^ , and 
Gilbert and others (1991) found an absolute (positive or neg- 
ative) Q/m ratio for falling particles of -2x10"^ to -5x10"* 
C 1^'. TIhs imi^ies tl«rt excess charge is carried by 
approximately 0.1 percent of the particles. Therefore, the 
total mass loading of the Sakurajiraa plumes may be of the 
order of ! 0^^ leg m~K Asstmring tfcat the erupted msrterial 
contains 2 weight percent gas and the horizontal cross-sec- 
tioaal-area ratio of the top of the column to the vent is 10*, a 
nii^ft»Jg"of 5xf0^% ffl-* 1^ c2»StiJitisd:TTie1«fount St. 
H^iBS initial eruption cloud of 18 May 1980 was calculated 
to support a total of 8.5x1 0"^ kg m~^ of fine particles (Harris 
and MiSrs, 198 1). This Suficifias Utaf only a snail diffmnce 
in the generation ra^ of positsvdy and negativdy charged 
particles and gaseous ions is to produce the 

observed electric potential p»ii©B* ftifi48i^ms. 

■RECOMMEHDATIONS FOR 
AIRCRAFT SAFETY 

We have shown that particles falling frann volcanic 
plumes may be highly charged and that the presence of a par- 
ticle-laden plume (in contrast to a plume of condensing 
g^s^may significantly alter the fair-weather potential gra- 
dient. In order to detect Ifee |>r«!ence of erttptoi material, we 
suggest that aircraft in fli^ should monitor: (1) potential 
gradient changes (certain pattsms may be distinctive to par- 
tidte*la<l^ ptaaes), (2) partiaJate and ion conc^e^i^ons by 
ffi^KOS'^Of cmreat-'iowiijg ioia corona-discharge Ims (iii^ 
currents may indicate the presence of either chaiged or 
uncharged particles), and (3) atmospheric SO2/HCI concea- 
trations Oii^ oorKsentrations may itaicate the pesojce of a 
plume). 

The effects of volcanic particles on jet engines are well 
known (Campbell, 1^1). However, i^rticles may also effect 
other aircraft systems. The development of "fly-by-wire" 
aircraft may mean that safety becomes dependent on the 
fiincttons of static-sensitive semicon<isJctor devices. Becattse 
charged particles may be ingested into the cooling systems 
of aircraft electronics, therefore, the development of closed 
cooling systems would be dksirabie. 
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VOLCANIC ASH: WHAT IT IS AND HOW IT FORMS 



By Grant Heiken 



ABSTRACT 

Here are three basic mtption processes that produce 
volcanic ash: (1) decompression of rising magma, gas-bub- 
ble growft, and fragmentation of the foamy magma in the 
volcanic vent (magmatic), (2) explosive mixing of magma 
with ground or surface water (hydrovolcanic), and (3) frag- 
mentation of comtry rock daring rapid expansion of steam 
and (or) hot water (phreatic). Variations in eruption style 
and the characteristics of volcanic ashes produced during 
explosive eraptions depend on many factors, including 
magmatic temperature, gas content, viscosity and crystal 
wntent of the magma before eruption, the ratio of magma 
to groasd or ssiiface water, and phyacal proj^rties of the 
rock enclosing the vent. 

Volcanic ash is composed of rock and mineral frag- 
ments and glass shards; in imny eruptions, ttere are also acid 
droplets coating ash-grain surfaces. The shard shapes and 
sizes depend upon the shape and size of gas bubbles present 
wiflm the nagma immiSis^fy h&§om. em^^m and &ag- 
mentation of the magma. Particle sizes range from meters for 
large blocks expelled near the volcanic vent to nanometers 
for fine ash aad dtc^M wfffiia weil-if^«tsed 

exuftfioa piimies. 



IHTRODUCnON 

WMt is volcanic ash? The question has been sAed 
repeatedly since the time of Aristotle. Early scientists were 
able to do some remarkable studies of volcanic ashes and the 
eruptions that produced them, but they were limited by scale. 
It has only been during the last few decades that we have had 
the laboratory equipment to characterize the broad spectrum 
of volcanic ash types, down to a scale of tenths of microme- 
tm. ,Only in the last 20 years have we had the ^ilily to go 
beyond sampling ash deposits on Ihe gnwnd to sampling 
wife aircraft and balloons to collect in situ samples from 
en^OB fd^mes at elevations up to 20 km. This paper will 
t&view tlw wAjc^ volcasK types md. the hcoid ^ctnim 



ASH FROM A RECENT ERUPTION 
THAT AFFECTED 
AIR TRAFFIC— AUGUSTINE 
V<M[.CANO, ALASKA 

TM 1986 erej^cffl of Augustine Volcano in Alaska sent 
^tif^oai plumes to the east and south from the volcano and 
had -ccmiderable impact on airline traffic in the Anchorage 

Airport, located 280 km NE. of the volcano. The airport was 
showered with light dustings of ash for 9 days after the erup- 
tion befanfRoseaad o^herSi I9*8>. Median grsan size of tibe 
ash at Anchorage was around 30 iim (fsg. 1) and consisted of 
glass shards broken from the foaming, rising magma; glassy 
lava fiagments &om flie oldbr lava dearie; and mineral frag- 
ments (fig- 2). As is the case for most moderate-size erup- 
tions like this one, the glass shards were coated with acid 
coiKie!ffial!es.aad va5y,.fiae,.<tet,. *iich..c<mi^ evm finer 
graaoi asil (fig. 3); this bonding may occur because of static 
ctiaige (Car©y and Sigurdsson, 1982; Sorem, 1982; Gilbert 
and oUiers, 1991). Hiese ashes ar« typical of the hBndbre<fe of 
active or dormant stratovolcanoes along the Pacific Rim. 
However, volcanic ashes are very diverse in their origins and 
compositions, and this introdbcticm provide only a general 
view of explosive eruption processes and their products, 
which we have grouped under the category "volcanic ash." 

Use physical properties of voicamc nasles depend 
mostly on their relative proportions of glass, mineral frag- 
ments, and rock fragments. Also in^ortant to the physical 
properties are chemical compositions of tibese components 
and their grain size. Fine-grained glassy vsdtejic ash is used 
commercially as an abrasive, but there are few quantitative 
<iata available on fte ^ntsive qualities of aslt. The hardness 
of components of a volcanic ash (based on the Moh's scale 
used by mineralogists: talc has a hardness of I ; diamond has 
a hardness of 10) can be appioximated witli silica-rich glass 
(hardness = 5.5) and minerals ranging in hardness from 2 for 
some clays to 7 for quartz. Melting temperatures for volcanic 
gla&$ and ^ rksology of ^ molt^ mi^rial are covered in 
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EXPLOSIVE FRAGMENTATION OF 
SILICIC MAGMAS 

Observations of fragmentation processes within exp!o- 
sive eniptions are limited. We can get reasonably close to 
only the smallest, and generally the most silica-poor and 
least explosive, eruptions of magma (molten rock). These 
eruption types are, however, of minimal interest for aviation 
safety because they are small. Numerical models of magma 
fragmentation and the formation of volcanic ash are, at best, 
first approximations — at least until we fmd a way to place 
instruments within the throat of a volcano that will survive 
full eruption. 



MAGMATIC ERUPTIONS 

Eruption cxpiosivity is related mostly to overpressures 
within magma caused by gases coming out of solution as the 
magma nears the Earth's surface and encounters atmo- 
spheric pressure (fig. 4). Verhoogen (1951), in an analysis of 
gas-bubble nucleation, growth, and rise within magmas, con- 
cluded that volcanic ash formed when expanding bubbles 
within rising magma coalesced. That is most likely correct 
for lava fountains of low-viscosity magmas but not for the 
formation of pumice and volcanic ash from magmas with 
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PARTICLE SIZE, LN MICROMETERS 

Figare 1. Grain size of volcanic ash froia the April 2, 1986, erup- 
tion of Augustine Volcano (Alaska). This ashfall sample was col- 
lected at the Anchorage International Airport, 280 km NE. of the 
volcano. Eraption plumes from this eroption commonly reached 
altitudes of 3 to 4 km, with occasional ash columns reaching 1 2 km 
(Rose and others, 1988). Grain sizes were measured with a Horiba 
particle-size analyzer. 



miOre silica-rich com.positions such as those of Redoubt and 
Pinatubo Volcanoes. Pumice, which is a silicate foam com- 
posed of glass, gas bubbles, and minerals, would not exist if 
all bubbles in the magma had coalesced and disintegrated as 
Verhoogen had proposed. Alfred Rittmann (1936), a pioneer 
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VOLUME PERCENT OF 
A VOLCANIC ASH SAMPLE 




Figure 2. Particle types within the ashfall collected at Anchorage 
Airport, March 28, 1986, from the eruption of Augustine Volcano. 
A, Grain count, showing percentage of particle types within this ash. 
Tne most common particle type from this eruption was glass shards, 
explosively broken from a foaming magma rising in the volcano. 
Other particles include individual minerals from the magma, bits of 
a lava that occupied the volcano's throat before eruption, and frag- 
ments from the claystone underlying the volcano. B, Scanning elec- 
tron photomicrograph that shows mostly cquant, curved glass shards 
that were bro'Kon from, a quickly chilled magma foam. The curved 
surfaces are remnants of bubble walls. 
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Kgare 3. Grain size of volcanic ash ftom the enq>tion plame from 

the 1986 eraption of Augustine Volcaao that was sampled 10 km 
downwind from fee volcano by aiiwaft betwe^ major eruption 
i^mes. Evm wislaa pluaiesamaEtafeg from 4» volssm Asiiig rel- 
atively "qaief phases, there are ijisHiiefOus particles, dbeit assail 
ones, as compared with ash produced during the larger eruptions 
(e.g.. compare with fig. 1). The sample was collected with a quartz 
ciystai microcascade sampler by Ray Chiian (Brunswick 



In vdcanology, propose! fiiat gases in the iiagma cots oat 
of solution as magma rises throtigfe conduits to shallow 
depths. After the magma reaches the Earth's surface and an 
eruptidB begins, the H^ly viscoi^ foam is dismp*ed hy 
decompression before bubble coalescence can occur. This 
theory has been supported by shock-tube analogies (Bennett, 
1974), mid compter experiments by several research grwifw 
in the United Sts^s sad Ba^aisi (e.g., Wdld^ msAo&m, 
1984). 

The (fistmctive shapes and physical properties of pvm- 
ice are controlled by the history of gas-bubble growth, the 
presence or absence of phenocrysts as nacieation points 
(l^tenocrysts afe€K>se rmmtti^ii^ms^s^ciy^Mbssi wifiisu 
the magma before eruption), and the type of fragmentation of 
the magma foam during eruption. There may be as many size 
mi sfa^ <istiSKitiojK of ^ bdMes vMm ^mm» as 
there are volcanic eruptions, but most are interpreted as 
having grown either continuously during shallow magma 
rise and en^ptkm (i.e., cm geaerasam) or discontina- 
ously — ^before and during eruption (i.e., two generations). A 
hypothetical example (fig. 4; adapted from Heiken and 
WoWetz, 1991) of how pumli^ and ash form during aa 



ejspiosive ers^ion of silica-rich magma, based on the char- 
acterises of gas buttles within pumi<:^ and volcanic ash 
ptcticles, follows; 

The exs^ple is a aiiica-riich magma (70 weight peireat 
SiOi). which contains 2 to 3 weight percent H2O. Bubble 
growth may begin at depths of 1 to 3 km below the Earth's 
surface, where gas pressure exceeds lithosteric pressure (i.e., 
the pressure produced by Hie mass of rock overiying &e 
magma body). If CO2 gas is present, it may exsolve and form 
gas bubbles at even greater depths (HoUoway, 1976). If the 
magma contains abtinisat ciy^s (i.e., pheoocrysfe), SBcle- 
ation and bubble growth on mineral surfaces may produce 
pumice fragments containing bubble clusters. Gas buW>Iss 
ciu^red around phenociysis or olfeer iacteions may coa- 
lesce and form large cavities wiJhis iie magma foam. 

As rising magma approa<^s ft* Earth's surface and 
liflios^tic pr^sure due fo &e weight of fee overfyisg rock 
decreases, uniform bubble growth may create a foam con- 
sisting of evenly spsccd bubbles (with the exceptioa of 
larger Wbble du^sre aiwad jteiooy^). Wxgmmon of 
&m$s W>bles and surface tension of thiiming bubble walls 
may iisa-ease the bulk viscosity of the magma considerably 
ai«l give it a finite yield Stresgft, making it more brittle. 
The higher vissosity prevents any sigaificaat teoyaat 
bubble rise. 

if btd>ble growth occurs at sljallow de|As, near the 
vent, the pumice pyroclasts may contain nearly spherical 
vesicles. In this situation, there is no time before fragmenta- 
tion for vesicles to be elongated by flow into tube-like 
shapes. The glassy ash particles produced in this type of 
eruption consist of arcuate, blocky shards. 

After 2 vOTi or coQ<Mt is opened to Ae ssirfex, the 
magma flow rate increases greatly. If this flow rate exceeds 
that of the rising bubbles, the gas bubbles are sheared by 
flow into long tubes or pita-bread-like shapes. 

The more-or-iess brittle mass of magma foam is dis- 
rupted by a large pressure differential at the magma/atmo- 
sphere interface. A shock wave moves of ft» prniice 
and ash oat of ^ vent, wMI& m &xpmmm wave prq^gpes 
^4mm. Bito the iaflated mj^nm and aitows its rapid cbccm- 
{»mion (Wohletz and others, 1984). The nearly solid foam 
is ta>km into particles at a fragmesntation surface in &e con?- 
duit, and the particles are acceler^ed out of the vent. The 
explosive eruption process for silica-rich magmas is likely 
driven by this pressure differential and only partly by bub- 
bles cc«i^«:ing and breaidng. 

Large magnitude explosive emptioss, with eruption 
columns reaching heights of as much as 50 km, are called 
Himan eroptkm, alterthe A.D. 79 eniption of Mt. Vesuvius 
in Italy described by the Roman, Pliny the Younger. These 
eruptions eject large pumice particles, which can be up to 
(fedmeters long and fyi o«it within tern of kilometers of the 
vent. However, smaller ash particles produced by these 
extremely energetic eruptions, or those carried along with 
pyrcwiastic flows, can be foand £»- fiom ^kdr 
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Figure 4 (facing page). Schematic diagram of processes leading to the formation of volcanic ash within explosive volcanic eruptions. This 
diagram is based nearly entirely on inference and some experimental studies of the processes of gas exsolution and explosive decompression 
of a rising magma with a composition similar to that found in the eruptions of Augustine Volcano. Scanning electron photomicrographs 
shown in the circles are about 300 jim in diameter. As magma rises to a depth where the pressure of gas in solution exceeds that of the over- 
lying rock, some of that gas comes out of solution as small bubbles. As the pressure is lowered, those bubbles continue to grow. After the 
eruption begins, movement of the m.agma foam in the conduit may stretch the bubbles into elongate, tapered tubes. A fragmentation surface 
between the pressurized magma foam and the ambient atmosphere tears the brittle foam apart and accelerates the pieces out of the conduit 
in the eruption column. The particles are carried into eruption clouds and eventually fall to the ground, their final position depending on the 
height of the eruption column, the strength of winds, and particle size and density. (The samples used here to demonstrate the appearance of 
volcanic ashes within the eruption column are from coarse ash fallout deposits — in situ samples from eruption coltamns have never been 
collected.) 



fine-grained ash deposits are made vtp mostly of the lighter 
glass shards, separated from denser mineral and rock grains 
by either gravitational segregation within the eruption plume 
or by the buoyant rise of gases from the eruption clouds. 

Glass shards are pieces of bubble walls broken from the 
magma foam rising in the volcanic vent. The shard shapes 
depend on bubble shapes and sizes within the magma foam 
and the eruption processes responsible for the fragmentation. 
Shards exhibit a wide range of appearances, ranging from 
slightly curved, thin glass plates broken from large, thin- 
walled spherical gas bubbles, to hollow needles broken from 
pumiceous melts containing vesicles stretched by flow 
(Heiken and Wohletz, 1985). The example shown in figure 5 
is a glass shard collected over central Wyoming at an altitude 
of 18 km, 72 hours after the May 18, 1980, eruption of 
Mount St. Helens. 




Figure 5. Ash from the May 18, 1980, eruption of Mount St. 
Helens, Washington. Tne 7-^m-long glass shard shown here is firom 
a sample collected by high-altitude aircraft at an altitude of 18.3 km 
(60,000 ft) over south-central Wyoming on May 21, 1980. This 
shard is from a sample with a median particle size of 1 .5 \xm. 



HYDROVOLCANIC ERUPTIONS 

Hydrovolcanic eruptions occur when molten rock 
comes into contact with ground water or the surface water in 
lakes, marshes, and littoral areas. Formation and collapse of 
steam films at the water/molten rock interface causes defor- 
mation and fragmentation of the melt and explosive expan- 
sion of high-pressure steam. The rapid superheating of water 
results in eruptions that are more efficient at fragmenting and 
dispersing volcanic ash than those eruptions that are driven 
only fay bubble growth and decompression. Eruptions can be 
driven by gas-bubble growth and m.agmatic overpressures, 
as wet! as by magma/water interactions. Hydrovolcanic 
eruptions produce very fine grained volcanic ash, made up 
mostly of bits broken from glass bubble wails. Hydrovolca- 
nic ashes may have median grain sizes as low as 40 urn, and 
we now recognize that the very fine grained components 
(<10 urn) of such eruptions stay in stratospheric suspensions 
long enough to be carried thousands of kilometers (Self and 
Sparks, 1978; Wilson, this volume). 

SMALL- VOLUME EXPLOSIVE 
ERUPTIONS 

The examples given so far are from the most explosive 
types of volcanic eruptions, which erupt silica- and gas-rich 
magmas (table 1). However, the majority of the Earth's sub- 
aerial volcanoes erupt mostly basaltic lava flows and rela- 
tively small volumes of volcanic ash and coarser ejecta 
(Basalt is a silica-poor — < 52 weight percent SiOa— and 
iron-rich magma type that comprises most of the Earth's vol- 
canic rocks). Eruptions of basalt typically have only a very 
small explosive component. 

LAVA FOUNTAINS (HAWAIIAN ERUPTIONS) 

Low-viscosity (< 10^ poise) basaltic magmas erupt as 
lava fountains and as lava flows. These eruptions are seen 
safely every year by thousands of tourists in Hawaii. The 
lava fountains range from a few meters to over 1 km in 
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Table 1. Explosive eruption types and their products. 

fApprox., approxiroaJa; smg., angular; frags., fragments; med., raediumj 











Types<£ 






(kasa) 


aSttissi'by 




%&Beni Rode 
gssias fragmet^ 




hazaidto £» 


mpks 


IWbii.eraptioiis 


10-40 






sO-35 Q-30 


cm- to pEE-iffise 
2Hg. shards asosd 
piimice 


Hi^; over 


I 




20-50 


Tens of thousands 

to feusdreds of thoiisaads 




^35 ^MO 


ism- to lam-size 
ang. shards md 


High; over 
large regions 


2 


Valcaniais eruptions 


0.3-3.0^ 


Tens to huadreds 


=10-30 


=10-30 =70-90 


mm-size aag. &^s. 


High iocalij", 
iiffid. regionally 


4 


StromboSan eniptioas 


0.1-2.0^ 


0.5-5.0 


=60-80 


=1-5 =20-40 


cm- to mm-size 
as®.,bIodyti^. 


Low 


« 


Hawaiian «ni^^tet 


< 0.1-0.5 


< 0.05-0.05 


=60-80 


=1-5 ^0-40 


cm- to mm-size 
<fe^iets and txmte 


Low 


7 


Surtseyan (hydrovolcaric) entptions 


0.3-2 


1.0-200 


=70-100 


=0-10 =5-30 


mm- to |jm-size 
aag,, blocky fes^. 


Med. locally 





^ Krakatau, Indonesia, 1883; Pinatubo, Phili|^es, 1991; McmA St Heksns, USA, 19^. 

^ Taupo, New Zealand, approx. 1 50 A.D. 
^ Rarely to more than 10 km. 

^ Fiiego, Gaatemala, 1 966; Ngaanilioe, New Zealand, 1 974. 

^ Stromboli, Italy, (to the present day); Cerro Negfo, KScara^Jia, 1%8. 

Kilauea volcano, Hawaii, (most of the time). 
* Sur^, icdand, 1963; TM, PMippiaas, 1977. 



height and deposit welded spatter (bomt» and ash) as a cir- 
cular or oval apron arouiKi a cerftral vest or as ridges parallel 

to a fissure vent. Sprays of low-viscosity basaltic liquid that 
form the fountains are driven by expansion of magmatic 
gases. Paafticfes frcm lava fountains range in size firnn 
bombs ! m or more across to spheres a few micrometers in 
diameter. Coarser ejecta are deposited within a few hundred 
meters of the vent and finer ash, including filamentous 
Peie's hair, is sw&pt downwiad and dqsosited as ashfalL 
Nearly all fountaining is accompanied by lava flows. 



STROMBOLIAN ERUPTIONS AND 
ONDER CONES 

Explosive bursts of solidified and partly solidified 
bombs, blocks, and ash moviag in WUstic teajectories are 
known as Strombolian activity, named aifer Stromboli, a 
volcano in &e Aeolian Islands, Italy. Stromboiian eii^ons 



consist of weak to violent ejection of partly fluid blobs. 
Meaily all of tli» ejects &lls lml]is&»iy ^ va&, 

building a "cisdter" or "scoria" cone (McGetchin and others, 
1974). Activ% at cinder cones can switcb rapidly between 
lava imvAmme^, Strombolian bursts, md VvAcsmm csnip- 
tions. Volcanic ashes from Strombolian deposits range from 
irregular, smooth-skinned, bubbly droplets of glass to 
Wodky, oy^fee rock fragmeirts with few gj® 
This spectrum of textura! types is represented in all size cat- 
egories, from large bombs several meters in diameter to sco- 



VULCANIAN ERUPTIONS 

A«aig<tl}e:Smaflereiai{>ti<»:ly|>es,: Vulcanian eruptions 
»e ttee dtenK^Ktawd 1^ jntomitteit explosions to 
deposit ash composed of tnoi^y older solidified lava 
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particles (MacDonald 1972; Self and others, 1979). These 

enj|«dions are most likely caused by ovetpressures develc^ed 
wi&iB blocked vents. The eraption mechanism is not clear 
latt most likely coosists of altematijig magmatic and hydro- 
voicsitic processes. Soiaetimes tiie eruption wi!l ^ift 
between Vulcaman and Strombolian, controlled by either a 
blocked or open vent. Vuicanian eruptions are associated 
with some cinder cones, ciatfflrs in stratovolcanoes, and lava 
domes. Vuicanian eruptions can produce eruption clouds 
that generally rise several kilometers, and occasionally to 
tens of kilometers, above tihe vent These eruptions can also 
erupt small pyroclastic flows (table I). Because the original 
material is rich in water vapor, steam may condense between 
ash grains and pyroclastic flows are turned into miidflows 
along the lower flanks of a volcano. At Ngaurahoe Volcano 
in New Zealand, the cannon-like explosions and subsequent 
asis fells and pyroclastic flows are believed to have been 
caused by pulverization of a lava plug in the conduit by a 
combination of magma degassing and vaporization of 
gromi ■wmt (H&im and Self, 1978). 



PHBEATIC ERUPTIONS 

Perturbations of a geothermal system by injection of 
iKsw magma at depth, changes in ground-water level, or tec- 
tonic activity may cause explosive stesun ffiraptloas without 
the enii^ioxs of any magma. This type of activity, known as a 
phreatic eruption, is possible at many types of volcanoes and 
even in geothermal areas with no volcanic activity. Steam 
eisptions^ may oojar wifh^no sdb^qnent-ac^ty, as^ was»t3te 
case for Soufriere de Guadeloupe in 1 976-77 (Heiken and 
Wohletz, 1985), or they may precede significant magroaftic 
eruptions, such as fto^ that occurred at Mount St. Helens, 
1980, and Pinatubo, 1991. The eruptions consist of intermit- 
tent or continuous explosive steam bursts and can form large 
craters. Ejecta ftom sU^m mn^aas are made up of hydro- 
tibstmally altered or weaie^ised rock lia^aits md mud. 



CONCLUSIONS 

There are tJwe basic mech^isras of fragmentation in 

volcanic eruptions: (1) the decompression of rising magma, 
gas-bubble growth, and subsequent fragmentation as it leaves 
^ con<&tit, (2) tie ex^<mve mixing <^ ma^a wi^ groimi 
or surface water, and (3) fragm.entation of country rock by 
rapid expansion of steam and superheated hot water. The 
variations of eruption style and the characteristics of volcanic 
ash produced in explosive eruptions depend on factors such 
as the temperature, volatile content, viscosity and phenocryst 
content of magmas, the ratio of magma to ground or sirface 
water, and physical properties of rock enclosing the vent. 
The variations of physical and dmrnsa^ properties ai ^me 
a^es are as con^lex as ^ volcaiK>es that px>daced them. 
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VOLCANISM IN THE CANADIAN CORDILLERA: 
CANADA'S HAZARD RESPONSE PREPAREDNESS 

By C^eaine J. Hickson 



ABSTRACT 

British Columbia and fte Yukon ate geologicaUy 

dynamic regions, encompassing subdisction zones, rifting, 
and thermal anomalies (hot spots). Approximately 100 vol- 
camc veofe are armiged in five broad belts and in otiiier mott 
widely scattered regions. Holocene eruptions have ocoKced 
in four of the belts. The most recent documented evmt, a 
snaii b^Wc ers^ption* ocowed zkxm :W yeafs « 
northwestern British Columbia. The most recent large explo- 
sive eruption occurred about ! .2 thousand years ago when a 
vent near the Alaska- Yukon border expelled about 30 \w? of 
pyioclastic material, covering 300,000 km- of the Yukon 
under a blanket of ash. In southwestern British Columbia, a 
Piinian eruption from Mount Meager stratovolcano, 
occurred about 2.4 thousand years ago. This eruption spread 
ash across southern British Columbia into Alberta. 

fa Canada, aa integrated p^poa^ plan to deal wiA vol- 
canic hazards is in place and involves all levels of gov- 
ernment. Four key agencies operate jointly to ensure timely 
a!^ ai^mpdate response to a volcanic emption, including 
the safe passage of air traffic. Response procedures are 
being coordinated between the United States and Canada to 
ensure safety and mkimize (Ssmption 9mm% sresitets and 
aviatQis. 



INTROBUClldN 

Canada is not generally liiOQg^t of as a 'Voicanic" 
country, but titere have been sewial large Holocme ©ruap- 
ticass (about l(MXX) j^eais ^o) in ^Sfeh Columbia and 
Yiil:<» tijat, if repeated today, wcHdd cause severe disruption 
of people, resource ©taactibn, and transportation (Hicks<»i, 
1992a, 1992b). Tliis paper simmmzes what is known of 
Holocene volcanism in Canada, reviews concepts of volca- 
nic hazards and risk, and comments on Canada's prepared- 
ness to deal with voi<»nic hasatds. 

Western Canada is part of the "Pacific Ring of Fire" — a 
continuous line of subdoction 73cm& and txansfoim &ults that 



encirele the Pacific Ocean. This dynamic environment has 
proAiced five broad belts of volcanoes plus other isolated 
and tectonicaliy less well defined volcanic regions (fig. I). 
The Garibaldi and Wrangell volcanic belts owe their origin 
to subduction; the Stikine volcanic belt to crustal extension, 
and ifee Anahim volcanic i^t to a mantle plume or "hot 
spot." Deep faults and crastal dynam.ics in other regions 
formed volcanic fields such as Wells Gray-Clearwater and 
oAer isoiatei cones, or cone fields, in British Coiambia and 

HOLOCENE ERUPTION HISTORY OF 
WESTERN CANADA 

WRANGELL VOLCANIC BELT 

wcstem Yukon into Alaska (fig. I and 2). Built over a span 
of 25 m-y., these volcanoes are reia&sd to sirixiuctioB of the 
Pacific plate beneath North America off Uie coast of Alaska 
(Skulski and Francis, 1986; Skulski and others, 1988; 
Stephens and others, 1984) and comprise the eastern end of 
the historically active Aleutian arc (fig. I). The Wrangell 
belt is oldest in the eastern (Yukon) portion of the Aleutian 
arc and becomes progressively younger westward into 
Alaska (Ridhter and oAers, 1*90).. Magma, ccanpositions 
span basalt to rhyolite, but andesitic lavas dominate. The 
most voluminous eruptive activity appears to have ended 
2(K>,(X)0 years ago as the tectonic regrae at ttie margin pro- 
gressively changed from dominantly subduction to strike- 
slip movement (Richter and others, 1990). The most 
sigefficant Hdbo^e eruptions pKxfaced tfee "White River" 
ash &om Mount Churchill (McGimsey and others, 1990), 
located in Alaska just west of the Canadian border (fig. 3). 
Based on radiocarbon dating, tv»-o eruptions occurred at 
1,800 and 1,200 years B.P. These eruptions ejected an esti- 
mated 30 km-' of material and covered 300,000 kra^ of the 
Yukon with a blanks of a^ (fig. 3) (Letbekmo and Camp- 
l«U, 1969). 
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Fl^re 2. Quaternary volcanic elements Aat make tip fte Canadian Cordillera are shown overlain by major national and iatemational 
airrwaes. 
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Figure 3. Presently known distribotion of major Holocene tephras 
in the Canadian Cordillera, with the exception of historic eruptions. 
Dates are approximate radiocarbon years before present, and only 
selected eruptive centers are shovvn. 



STIKINE VOLCANIC BELT 

The Stikine volcanic belt, consisting of over 50 Quater- 
nary volcanic centers, extends northward from the Skeena 
River to the British Columbia-Yukon border (figs. 1 and 2). 
This be!t lies east of the transition frotn transform faulting to 
subduction along the North American-Pacific plate margin 
(fig. I) and is related to crustal extension (Souther, 1992). 
Eruption of alkaline basalt to rhyolite magmas has produced 
stratovoicanoes, shield volcanoes, and small cinder cones. 
Detailed mapping exists of the two largest volcanic com- 
plexes in the belt, Mount Edziza (Souther, 1990, 1992) and 
Level Mountain (Hamilton, 1981). Holocene eruptions in the 
belt are confined to small basaltic cone-building events. The 



Tseax River Cone (fig. 2), at the southern end of the belt, 
erupted about 200 years ago (Sutherland-Brown, 1969) and 
is Canada's youngest known volcanic eruption. Northward 
migration of the junction between the three tectonic plates 
(the Pacific, North American, and Explorer plates) during 
die last 25 m.y. diminished extensiona! stresses in the region, 
likely reducing the possibility of future felsic (peralkaline 
rhyolite and dacite) eruptions. Small basaltic cone-building 
events are still a possibility, and the impact of such an erup- 
tion on downstream habitation or installations must not be 
overlooked (Souther, 198 1). 



ANAHIM VOLCANIC BELT 

The Anahim volcanic belt extends across central British 
Columbia from the coast to the Fraser River (figs. 1 and 2). 
Volcanism becomes progressively younger from west (more 
than 12 Ma) to east (less than 7,000 years old), supporting 
the hypothesis that these volcanoes owe their origin to a 
mantle hot spot (Hickson, 1986; Souther, 1986). The belt 
consists of large alkalic shield volcanoes and small basaltic 
cinder cones. Volcanism appears to have ceased in the west- 
em parts of the belts, but if the hypothesis is correct, future 
volcanism can be expected in the vicinity of Nazko Cone and 
east of it. Radiocarbon dating of Nazko Cone suggests that 
the last eruptive period was 7,200 years ago (Souther and 
others, 1987). Future volcanism is most likely in the foim of 
basaltic cinder cones, but eruptions of less mafic magma, 
typical of the eastern portions of the belt, cannot be ruled out. 



ALERT BAY VOLCANIC BELT 

The Alert Bay volcanic belt is a poorly studied group of 
volcanic rocks at the northern end of Vancouver Island (fig. 
2), which appear to have been active in Pliocene and Pleis- 
tocene time. No Holocene eruptions are known (Armstrong 
and others, 1985), and volcanic activity in this belt has most 
likely ceased. 



GARIBALDI VOLCANIC BELT 

The Garibaldi volcanic belt is the northernmost seg- 
ment of the Cascade arc, a chain of major andesitic to dacitic 
stratovoicanoes extending northward from northern Califor- 
nia to British Columbia (fig. 1). The arc appears to be seg- 
mented (Guffanti and Weaver, 1988; Sherrod and Smith, 
1990); the central portion of the arc is the most active (Scott, 
1990) and the northern end least active (Sherrod and Smith, 
1990). Long repose periods, up to several thousand years, 
between major explosive events at the major volcanoes 
(Mounts Meager, Cayley, and Garibaldi), appears to typify 
the Canadian portion of the Cascade arc. A number of studies 
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address volcanism in the Garibaldi volcanic belt (Mathews, 
1952, 1958; Green, 1981, 1990; Green and others, 1988; 
Souther, 1980; Read, 1990; Stasiak as^. Russell, 1989, 
1990). These studies have identified erii|>fi(»e?|>eiio^^t^ 
siiowB <fiagrammatically in figure 4. 

Vdi<anoes of the Garibaldi belt have been sporadically 
active over a time span of several millions of years (fig. 4). 
Hie most recently docuirtented eruption was about 2,400 
y&magostMomt Meager (fig. 5). Tnis eruption may have 
been clo^ in size to that of the May 18, I9S0, ert^Sba of 
Moui]^ St Hdearts. &om this enq>tioa ^ traced 
mcwaid to western AVoem (%. 3). Hot spm^ m lk@ 



vicinity of Mounts Caylcy and Meager suggest that mag- 
matic heat is still present. The long history of volcanism in 
this F^oa, coupled with continaed asbduction off the 
coast, saggests that volcanism has aot yet ended in fee 
GaribaM volcanic belt. 



OTHER REGIONS 

Throi^hotit Biiti^ Coiumitia and the Yukon, isolated 
«»K]gm^ dradbrci^s aijd osi^lideds ami be iom^ 
2). Ute mosi sig^ik^ omyosa:^&e^m of tis^ is pio^^y 
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Figure 4. Diagnansiatic repr^entation of en^ve activity within the GariWdi vofcaniic belt Height of each histogram pves a very crs^e 
indication of the size of the eruption. A. Mount Garibaldi volcanic field. B, Garibaldi Lake volcanic field. C, Mount Cayley volcanic field. 
D, Mount Meager and Elaho Valiey volcanic complexes. Data from Mathews (1952, 1958), Green (1981, 1990), Souther (1980), Read 
(1990), Stasiuk and Russell (1989, 1990). 
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Figure 5. Vent area of Mount Meager, which erupted about 2,400 
years ago. Crater is open to the east (foreground) and is 1.5 km 
wide at the rim. The crater is outlined by steep ridges surrounding 
the small dome and short lava flow, which are visible in the center 
of the picture. 

the Wells Gray-Clearwater region of British Columbia 
(Hickson, 1986). Volcanism over several million years has 
produced numerous smali-voiumc flows and cinder cones. 
The youngest of these, Kosta! Cone (fig. 6), may be only a 
few hundred years old. 

The scattered, isolated cones and cone fields throughout 
British Columbia and the Yukon, are unlikely to erupt again, 
but they do identify weaknesses in the crust that may prefer- 
entially channel magma to produce more small-volume 
basaltic eruptions in the future. An exception to this is Vol- 
cano Mountain in the Yukon, a small basaltic shield volcano 
and associated vents that have erupted several times in their 
1- to 2-million-year history (Jackson and Stevens, 1992). 

VOLCANIC HAZARDS AND 
VOLCANIC RISK 

Erupting volcanoes may pose a number of specific haz- 
ards such as lava flows, pyroclastic flows and surges, fallout 
of ash, debris flows (lahars), avalanches, seismic activity, 
ground deformation, tsunami, acid rain, and poisonous gases 
(Blong, 1984; Tilling, 1989). What hazard will occur at 
which volcano depends to large degree on the composition 
of the erupting magma (table 1). Basaltic eruptions pose a 
minimal hazard in comparison with explosive andesitic, dac- 
itic, or rhyolitic eruptions. 

Basaltic eruptions, though generally considered least 
hazardous, may have a significant impact if the eruption 
occurs during winter months in regions of heavy snow-pack. 
The eruption may trigger debris flows (lahars) or floods from 
rapidly melting snow. Some basaltic eruptions in Canada 
have been near glaciers, and subglacial volcanism has 



Figure 6. Kosta! Cone, a basaltic cinder cone in Wells Gray Pro- 
vincial Park, British Columbia. 

occurred in British Colisnbia in the past (Mathews, 1947; 
Hickson, 1986). This form of volcanism can produce poten- 
tially destructive water outburst floods known as 
jokulhlaups, and water-magma interactions can potentially 
produce very large phreatic or phreato-magmatic erup- 
tions — even if the magm.a is basaltic. 

Erupting volcanoes pose a hazard when something of 
value (such as human lives, property, or resources) is 
impacted to its detriment. Risk is usually assessed on the 
basis of the number of human lives that may be lost as a 
result of a hazardous event. Yokoyama and others (1984) 
devised a method for assessing risk at a volcano that takes 
into account past activity at the volcano, present seismicity 
and ground deformation, and population at risk. Using this 
scheme and considering our present understanding of the 
volcanic record in Canada, no Canadian volcano falls into 
the high-risk category. Canada is still relatively underpopu- 
lated, thus a volcanic eruption within Canada, with few 
exceptions, will probably result in few if any direct casual- 
ties, baring aviation emergencies. The legacy of any large 
explosive eruption in Canada will be regional disruption of 
aviation, loss of resources such as forests and spawning 
streams, and displacement of people. 

In the short term, perhaps the greatest impact on Can- 
ada may be from eruptions elsewhere in western North 
America. Prehistoric eruptions of Mount St. Helens left thin 
ash layers in southern British Columbia, and the eruption of 
Mount Mazama deposited a blanket of ash several centime- 
ters in thickness over southern British Columbia and much 
of Alberta (fig. 3). Most recently, within 24 hours of the 
May 18, 1980, eruption of Mount St. Helens, light ashfall 
in southern British Columbia, Alberta, and Saskatchewan 
caused concern among residents and the aviation 
community. 
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Table 1. General relationships between volcano types, predoiainant iava, enqstion styles, and conamon wuptive characteristics. 

[fran Tilling, i989, tMe l.l, p. 21 



Volcano 


Predonwiant lava 




Common eruptive 


type 


Compositte 


Viscosity 


style 




Shieid^ 


Baltic 




Generally non-ejq^oave 


Lava fountains, lava flows 








to weakly exploave 


ilcs%), lava lakes mid pools. 




Asidfisilic 




Generally explosive, but 


Lava flows (medium). 








sometimes non-explosive 


explosive ejecta, tephra falls. 


Composite^ 


Dacitic to rhyolitic Viscoiis to 


Typically highly explosive. 


E3g>!osive cgecta, tephra fells. 




(felsic, silicic) 


very viscous, Imt 


but can be n<m-ejg>losive, 


KTOckstic flows aad sanies. 






can be non-explosive 


especially after a large eruption 


lava domes. 



^ GeaHally located in fee intmcff of tM&aiic plates {"intrapkte") and pr^taaed to overlie "hot s|K)ts," but also xmy occasr m <^ar 
tectonic settings (e.g., Hawaii, Gak^gos, Iceland, Kamchato). 

^ Generally located along or near the boundaries of convej^ent tecteac i^tes (subdtaaicm zxm&s% aiso caDed sti^volcaaioes 
(e.g., Cascade-Garibaidi volcanic belt, Wrai^eil volcanic belt). 



In Alaska, during Jiie 1989-90 emptiom of Redoubt 
Volcano, teplira drifted into Canada at least twice, and in 
1992, Mount Spun erupted three times, sending ash plumes 
into Canadian airspace, including some parts of west-central 
Ytikon. As eruption of Mount Baker in noiliiem Wa^ington 
State, close to one of Canada's busiest terminal areas (fig, 2), 
could have serious repercussions. Response procedures are 
being <^c«<iaatedi heitwem ^ Vnit&d Sts^ md Canada to 
ensure safety^ md mkmtiz^ ^^^m smmg imck^ts and 
aviators. 



VOLCANO MONITORING 

In Casa<k at present, there is no specific p-ogram to 
mcaritca" yo|(S!OCi«!SL However, certain seisimc stations in 
regiona! seismic tietwork, put in place to &sxdy tectonic 
earthquakes, arc located to optimize coverage of nearby 
Holocene volcanoes. At present, only seismic stations in the 
sjutiiwestem portion of tite netwoik, covering the Garibaldi 
volcanic belt, are telemetered directly to the Geological Sur- 
vey of Canada's (GSC) western seismic base at the Pacific 
Geosdence Cffistte (K3C) on Vancouver Island. Sn liiis part 
of the network, it is possible to detect and locate earthquakes 
of nsagmtwde LO and above. This is sufficient sensitivity to 
detect pecmsor sdsraiic a<^viiy m ise Qsi^^M vokmk 
belt. 

A fsogram is in place to qpgrsie tie Miwoik and t» 
te!<aBi«er sS^oss t» KjC ftom ot!ier parts of western Can- 
ada. When completed, the network will allow real-time 
detection and location of earthquakes magnitude 3 and 
greater fttronghout westmi Canada. WWi tfje exception of a 
very large impending emption, this will be insufficient for 
detection of precursor activity associated with smaller Vul- 
casian or S^mbolias ert^<»is, such as thc^ of the 1992 



motions of Mount Spiax. It ^aid, k>wever, be sufficient 
to permit officials to confirm or dfeny a reported large volca- 
nic eruption. 



PRIFAMNG FOR AN ERUPTION 

l>s^ite isfseqimtt r^ml <iisastes, C^m&ms have 
not ign<»ed the fact iJiat they live in a geologically active 
r^bn in wMcfa futusre earthquakes smd volcanic eruptions 
a»ia'<«itMtfy: fiwevffi^':i^fS€M»and Tilling (in press) find 
that countries &ced wWh inftequent volcanic eruptions, even 
when that countiy is soimtificaliy advanced, have extreme 
difficulty dealing wiftt volcanic events. "Unrest at long-qui- 
escent volcanoes is particiilarly difficult to diagnose; such 
tmrest does not necessarily culminate in an eruption, but if an 
emption does occur, it may be particularly violent. Either 
outcome poses difficult challenges to scientists, not only in 
their study of the volcano, but in their public relations." 
(Peterson and "filling, in press). 

Monitoring unrest at a volcano is a complex exercise 
that does not necessaily result in easy or ^straightfprwasd 
answers. Figure 7 shows tJie commimicatioii networic 
between the GSC and other agencies that would become 
involved in any volcanic emergency in Canada. Communi- 
cation bt^een the and acm^may ^saw^ are ^ 
key to eifec^re^ r^^se to a natural disaster. 

Emergmcy planning in British Columbia is earned out 
by the ftovincial Emergency Program (PEP) and Emer- 
gency Preparedness Canada (EPC) (Anderson and others, 
1990; Dalley, 1992; Pollard, 1992). At present, the level of 
prepare(faess for a wlcanic eruption consists of a notifica- 
tion network set up between the government agencies 
involved (fig. 7) and formalized in the Interagency Volcanic 
Evea Notification Plan (IVEHP, availaUe fixsai tie antbor). 
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Figure 7. Commuaication pathways for notificatbn, coordina- 
tion, asd re^pc^e of govenmicnt agencies in Canada and data-in- 
pit sKirces, mch. as seismc^r^phs, ratellites, aiKi wij»d mo&ls. 
Also i&own aare agencies oiitS!& iie formal notification n^wotk, 
such as local governmeists, which may provide an eruption alert or 
re<|aire information on an eruption. Also listed are agencies in 
neigisboring American States, wMcli may, in a similar manner, 
provide en^tios alerts or require notification of an eni|^on in 
Camada. Abbreviations used in tiife %i3Te: U.S.G.S.. U.S. Geo- 
logical Survey; RCMP, Royal Canadian Mounted Police; 
F.E.M.A., Federal Emergency Management Agency; NOAA, Na- 
tiosal Oceanic asd Atmosfiterk: AdminjsfrsttkK^ F.A.A., Fedterd 
Aviation A<teinisttati<m. 



feaw^rfs^eMce-fisf ltewesfe g^oxxp include participa-^ 
ikm of ^ agencies in plma^ aWd siffirtatfetj exerc^st aiid 
ytaaiy updates to the plan. 

Each agency in the plan has specific responsibility to 
pass m&rMMdn oa to olfier jiwolvM ^etici^ md to 
respond according to its individual mandate. Reports of a 
volcanic eruption within Canada are transmitted around the 
aetwoik for response md confiitns^on. For example, Trans- 
port Canada Aviation is responsible for transmitting, in a 
timely marmer, information regarding an eruption to ensure 
fee safe passage of aircraft aioaM d»e affected supea. The 
PEP will be responsible for notification of the ntaaic^sality 
and people living in the region affected. The GSC assumes 
r^pcsjslbiBty for sejsaisc coaftrmation of an evaat (wMiin 
the limitations of the current seismic network), hazard warn- 
ing, monitoring and passing information on to the other 
awdved agetjcies cadij^ln iJs ''^tatkijeiit of respoEsi- 
bility" in the IVENP. Presently, the "statement of responsi- 
bility" gives an optimum situation that will require resources 
beyo^ iK)se caireafly avaikble from fee GSC. However, 
work is underway to identify sources of expertise and equip- 
ment that could be called upon to help in the case of a volca- 
nic anei§&i^:it'vMW& respSSiS^fity Wffie G?SSC^ Staff 



Volcanologist to make sure that people and equipment are 
identified. The IVENP, internal response plans, and inter- 



Western Canada has been spared volcanisn on a hraian 
time frame — ^but has not on a geological one. Volcanic 
activity has occurred in the past, and we must try to look 
beyond fee short human memory when we are dealing wife 
geologic hazards that have recurrence intervals of longer 
fean 50 years. Hazard zonation and pimmng must be an 
integral pm of <mt lutee if we are to save lives and proper*s?. 
In the area of emergency planning for volcanic eruptions, we 
can help by increasing public awareness and putting into 
place weM-tl<wipit-bBt ©meigaicy plans. Deteiled geologi- 
cal work has begun at specific volcanoes to help quantify the 
risk from future eruptions, bat more work is necessary. This 
work dK)«W be carried out before reszoning or major ^ifo in 
popti8#on occor. 
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VOLCANIC ASH IN KAMCHATKA AS A SOURCE OF 
POTENTIAL HAZARD TO AIR TRAFFIC 

By Vladimir Yu. Kirianov 



ABSTRACT 

Tfie degree of hszzxd to air fraffic from volcanic asJi 
clouds over Kamchatka and the North Kuriles (Russian 
Federation) is assessed from analyses of the eruptive activ- 
ity of Sheveluch, Bezymianiry, Kliuchevskoi, Kaiymsky, 
Avachinsky, Gorcly, Alaid, and Ebeko Volcanoes and 
records of wind speed and direction from the Earth's sur- 
face to 1 5 km. TTse most hazardous volcanoes are Kiiuchev- 
skoi and Alaid because they may eject tephra to altitudes of 
10-15 km and their eruptions may last for several months. 
Ash clouds from most of the volcanoes generally move in 
an easterly and sootheasterly dii«ctjoas in repose to pre- 
vailing winds. 



INTRODUCTION 

Since 1982, when two jumbo-jet aircraft lost engine 
power owing to encounters with ash clouds from eruptions 
of Galunggung Volcano in Indonesia, there hastseen a grow- 
ing interest in the threat that volcanoes pose for aviation 
operations, in addition to the potential human costs, aircraft 
damaged through encounters with volcanic ash have cost in 
excess of $100 million to repair (Steenblik, 1990). As air 
transportation increases, this problem will become more 
acute, especially in volcanically active areas such as in Kam- 
chatka, Extern Russia, where 29 adive mi potes^Iy 
active volcanoes exist and where several eruptions occur 
each year (fig. 1). 

This study discusses explosive activity of the Kam- 
chatkan volcanoes during the last decade in order to deter- 
mine altitudes and directions of future eruption plumes and 
fteir hazards to aviation. Considered in this study are spe- 
cific features of atmospheric dnmlalioB over Kamchatika; 
the type, frequency, and duration of eruptions; the distribu- 
tion of volcanic ejecta in the atmosphere; and the altitudes 
said directions of eruption plumes over Kamchatka mi 



VOLCANIC ASH AND ATMOSPHERIC 
CMCULATION 

The atmospheric circidation in Kamchatka has be«B 
analyzed on Ae basis of data firom 1961-81 and 1988 sw^ 
plied by 12 meteorological and two aerolc^cai stations and 
from synoptic bulletins of the Kamchatkan Hydrometeoro- 
logical Survey. These date indicate that the cireubtipn 
regime changes drastically over Kamcha&a becatise of the 
effects of both large-scale atmospheric processes and 
regional features. Most of the region is characterized by sea- 
sonal wind variation, particulariy near the castem coast. In 
the central regions, this seasonal wind variation is dist(»ted 
by mountain-valley circulation. 

On average, approximately 70 cyclones- pass through 
Kamchatka each year, chiefly in autumn and winter. 
Cyclones migr^ &om Japan along the Kamchatkan east 
coast to tiie Aleutian Istods or into the Bering Sea and pro- 
duce strong winds. Analysis of vertical distributi<Hi of mete- 
orological parameters (wind, tempetatme, mm&txtxc) 
demonstrates that the most pronounced variations take place 
in the upper troposphere near the tropopause, whicJi in Kam- 
chatka ranges from 8 to 1 1 km annually. 

The distribution of volcanic ash over large distances is 
dependent on the character of circulation in the stratosphere. 
Over the northern part of the Pacific Ocean, volcanic ash is 
transported by wind currents from west to east, i.e., from the 
Kmndi^&a Peninsula towad Aieatism islamdb. 

During an eruption, the large amounts of material 
ejected into the stratosphere form ash clouds in which the 
msDcimm com^^idration is at aMited^ sevmtl kliometm 
above the tropopause. The highest altitudes of volcanic-par- 
ticle concentration have been determined to be between 18 



) Cydose as used in Ais paper re&i^toacemeror area oflowpnsssire 
usually a few hm&ed kSom&tets m ihmsti^ and does not refer to the very 
inWBtse, twtsing ssorms of less tisatt I km m diameter, i.e., tornadoes, as 
(xmrnaody i^ed in fte XMnnA Swxs. 
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and 2 ! km. Lidar data and modeling results show that during 
the Fuego (Guatemala) eruption of 1974, approximately one- 
half of the erupted material lingered wifljiEt a 15- to 22-km- 
wide belt 15- to i7-laa ^titaaJe. B^ause piesent-day air- 
!ine!s fly a* sftSttsdes not exceeding 15 km (9 km over Kam- 
chatka), we shall consider the characteristic features of 
volcanic material transport up to altitudes of 15 km. 

The general pattern of volcanic ash distribution shows 
tih^ ttafisp<»t 4Bri»g ejectbs aijd wMm the trc^ospl»i% 
is dependent on wind speed and direction, which may vary 
with altitude. During the Mount St. Helens eruption on May 
1 8, 1 980, the direction of ash tmi^rt varied ^xm nortteist 
at 2,300 m altitude, to tibe east at i ! ,300 m dtitude, and to the 



southeast at 26,000 m altitude (Sama-Wojcicki and others, 
1981). During the Sheveluch eruption on November 12, 
1964, however, a constant wind Wew from fte west 
northwest at all altitudes between 3,000 m and 15,000 m. 
Similarly, during the Avachinsky eruption on January 13, 
1991, the wind blew from the northeast at all altitudes up to 
11 km so that the width of the ashfall area at a distance of 
25-30 km from the crater did not exceed 4 km (fig. 2). 
Angles of wind shear direction ^ all ^titstks in faotii cases 
did not exceed 50°. 




Figure 1 . Location of volcanoes and meteorological and acrolog- 
icai stations in Kamchafica. V^casioes are Sioto ^ sffl&iim 
bol; airpcsts are shown by sold triangle; meteorolc^ical stations 
are siK>wn by <xpen ciicks costasBSg ttxmm numa^ 
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Table L Volcanoes in Kamchatka and the Karilc Islands that have erapted daring the last 1 0 years and the possible character of their 

{A, »4es{^ ABt assdesMc basslt; 3, teals; cc^, ccai^x^jtami; izeipracy. AMmd; tet&s to i!K imxmm altisude ^ ea^km dosd. DiKiC&»> n^leis to ihe men* lUjr 
^rectioas that tt» en^on cloud my drift] 



\ame of 


Coon&iatfis 


Height 


Date of most 


Eodk 


Eruption freq. 


Possible featares of future eniTJtions 


volcmo 


(lal, !oag) 


(m) 


icc«it eruption 




per year 


Altitude (kaa) 


Duration 


Direction 


Sheveluch 


55.97°N., lei-SS^E. 


3,395 


Jan. 1991 


A 


10 


4-8 


I 


E.j SH. 


Bezmmmy 




2,800 


Mar. 1990 


A 


1-2 


5-S 


2 


NE., E., S. 


Kliachevskoi 55.06°N., 160.64'E. 


4,850 


Mar. 1990 


B 


! 


6-10 


3 


E., SE., S. 


AvacMnsky 




2,751 


Jan. 1991 


AB,A 


1 


4-10 


2 


NE., SE. 


Gorely 


52.45°N., 158.12°E. 


1,829 


1986 


A 


1 


3-8 


3 


E., SE. 




54.07°N., 159.60<'E. 


1,486 


1982 


A 




2-6 


2 


E., SE., S. 


Ala»i 


50.80»N., ISS-SO'E. 


2,339 


jf^r.-Jiioe 1981 


B 


1 


815 


3 


NE.,E.,SE. 


Ebeko 


50,6m, 155.931. 


i,138 


1987, 1988-90 


A 


100 


1-2 


I 


NE., E., SE. 



A few tens of seaads to iuaiite. 
Da)«tomcmths. 



Analysis of prevalent wind directions and speeds at 
various altitudes over Kamchatka indicate the foflowii^: 

1. Wind directions change with the seasons, which 
points out the monsoon character of circulation in 

2. The prevailing surface-wind directions at four key 
measurement stations in the regions of active volca- 
noes are; to the s<:mi>e£st aod ea^ ^ Lq>^a Cape; to 
the northwest, southeast, and east at Petropavlovsk- 
Kamchatslsy; to the southeast, south, and southwest at 
^myzcMc;"mct •to-die ^west; -mt, •■aBd'"S>iitii«JSt' -at 
Klyuchi. At all these points, *fee winds blew to the 
southeast at a speed of 4.5-11 .2 m/s for more than 20 
percesBt of the year. 

3. Air masses in the troposphere over Petropavtovi*- 
KjKichatsky between 3- to 9-km altitiMe flow to tie 
east, sputiiea!^ aaod iKtt&east, mi. the zvpcs^e maxi- 
mum speed of the wind increases from 10-3 HJ/s at 3- 
ian altitude to 23 m/s at 9-km altitude. 

In tiie c% <sr JOpjcM pg. i), Ibe vid^ at an altitude 
of between 3 and 9 km {tows predominantly to the 
east, southeast, and soutit and the wind speed 
increases with increasing altitude. It is noteworthy 
that, during some laige historic eruptions (Bezymi- 
anny in 1956 and Ksudach in 1907) and during sev- 
eral eruptions in the Holocene (Avachinsky, 
Sheveiuch, and Ksudadi), the ash plume duf^ to tlie 
north. This is zxypiail because air ma^es here move 
in a northerly (MreOton at all altitudes, on aven^, 
only about 15 days per year. Therefore, forec^ting 
tbe ioecticm of possible ^Mls in future eraptions of 
Kamchatkan volcanoes should be made carefoily. 

4. lbs wind directiaot in the strato^here is constant,: and 
m nmses move east m& soixtiteast at speeds lK»n 20 
to 36 m/s. 



ACTIVE VOLCANOES IN 
ICA.^'JCBLATiCA. 

At present, tiie Kamchatka volcanoes mo^ dangerous 
to air traffic axe Sheveluch, Kliuchevskoi, Bezymiaany, 
Avachinsky, Gorely, and Karymsky (fig. I). The Kurile vol- 
canoes, Aiaid on Atiasov Island (the ashes of which fell on 
Petropavlovsk-Kaisdiatsky during the 1981 eruption) and 
the very active Ebeko on Paramushir Island, must also be 
considered. The characteristics of Kamchatka and Kurile 
emptrve activity ibmng ihe last ^scsdc are d^cus^ betew 
andaresummadzedBit^jje I. 

SHEVELUCH 

(LAT 56.78°N., LONG 16i.58°E., ELEVATION 3,395 M) 

The northernmost active volcano in Kamchatka, Shev- 
eluch, is noted for formation of extmsive domes that are sub- 
sequently destroyed during gre* ffisptesive eru^»tions wMi 
directed blasts (fig. 3). The most recent such eruption 
occurred on November 12, 1964 (Gorshkov and Doubik, 
1965), and sent an eruption cioud to 12-km altitude as deter- 
mined from a TU-104 jet aiiplane, which was roaldng a 
scheduled flight near Sii^duch at ftat time. 

In 1980, an ssidesitic extrusive dome started to grow 
•vMm &e orste, gs^-and-ash explosions h^gm in 1984. 
These explosions are similar in style: they occuned sikI- 
toiiy, lasted for only a few tens of seconds, and resulted m 
a <»attiflower-iike cm^m column (Zhaiinov axd others, 
1990) that reached 4- to 6-km altitude. 

Recently, the frequency of eruptions increased from 
4-5 per year (1984-85) up to approximalS!.iy: 3,340 per year 
beginning in 1987. Tlie latest activifc^ was <»Augist 4, 1990, 
when &e ash cloud to^ to 6-km height and trni M&ed 
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Figare 3. Distribution of ash for the eruptions of Bezymianny 
Volcaao in 1955-56 and Shcveluch Volcano in 1964 (fixim Mele- 
kestsev, 1989). 

eastward; on January 13, 1991, when the ash material w» 
ttampomd soutlcw^ in fiie direaicHa of iCfytwhi; and on 
April 6, 1991, when the was ttacsported wasSward. 

BEZYMIANNY 
(LAT 55.97°N., LONG I60.59''E., ELEVATION 2,800 M) 

Bezymianny is one of the most active volcanoes in 
Kamchatka. On March 30, 1956, a tremendous explosion 
destroyed the top of the volcano in an eruption similar to 
Mount St. Helens in 1980. Since then, the volcano has been 
in a stage of intermittent dome extrusion and eruption (Gor- 
shkov and Bogoyavlenskaya, 1965). lymmg Ae period 
1981 to 1984, five eruptions of Bezymiaiffiy w®e i«c»rde4 
the largest on October 13-14, 1984, when 0.01 1 km^ of 
rock was ejected. The eruption column rose to 9-km alti- 
tude, and an ash plume drifted 40 ton to the southeast 
(Malyshsev, 1987). On fese 30 sad July 1, !985, the climac- 
tic stage of one of the largest eruptions of the dome 
occurred at Bezymianny with the volume of materia 
efapted pbsced 0.05 fcm^ (AKdMrov aiai otis^ 1988). 



From mid-December 1985 to mid-April 1^6, the volcano 

was in a state of repose. In the remainder of 1986 and in 
1987, the activity of the volcano was again high (Ivaaov 
ajKi ofeers, 1984), a»:^nmng to tibe pmeat. Ash eJectic«BS 
seldom exceed 5- to 6-km altitude, and explosive activity 
lasts commoaly for a few hours to a few days. 

KLIUCHEVSKOI 

(LAT 56.06°N., LONG 160.64''E., ELEVATION 4,850 M) 

Kliuchevskoi is also one of the most active volcanoes 
in Eurasia, with numerous eruptions during the last decade, 
in April 1984, a summit erupdon of the Vulcanian-Strom- 
bolian type began. During the paroxysmal activity at the 
summit crater, the altitude of the eruption cloud was 12 km 
(Fedotov md oScms, 1987). Becwse tihe lower boimdary 
of the tropopause during the eruption was at 8-km altitude, 
this ash entered the stratosphere. The enqjtion ended on 
January 2% 1985, and tlxe total vdiHQ* of pyitocla^cs 
ejected was 0.1 km^ 

On December 2, 1985, a series of vigorous phreatic 
explosions sent a gas-and-ash column to 9.6-km altitude 
(Belousov, 1989). T^ie diiection of ash dispersal and tiSie 
area (45x1,115 km) of the gas-ash cloud were determined 
by using the lidar of the Kamchatkan Hydrometeorological 
Survey. On December 2, 1985, the tropopause was Jtft 
7.8-km altitude, and, therefore, part of the material went 
kto,Ae,steaii^toe..a^ s^smi ^ bm- 

zont^ly. At m aititsde of 9 km, a swWite^ify wmd wifti 
a speed of 5 m/s stretched the ciottd into a plume more 
than 50 km long (Belousov, 1989). 

Frequent explosive-effusive eruptions of the Strombo- 
lian type oontintied from Ae IQIuchevskoi samiait crater 
dising 1 986-90. The maximum altitude reached by the erup- 
tion column during various stages of the eruption was 
1,500-2,000 m ^ve the cn^r rim. A lar^ emption from 
the summit crater lasted from January 29 to November 10, 
1990. As a result, the ash fell on the Commander Islands, 
&8<inny Ridge, and to feeiK^th of Sl^efetdi Volcano. The 
ash c^smd n>se to a iidght of 8 km above the crater. 

Other active volcanoes whose eruptions may be hazard- 
ous to aviation near Petropavlovsk-Kamchatsky are those of 
the Avachinsly SBBd Zhupsffiovsky volcanic §rot^s and Mut- 
novsky, Karymsky, Gorely, Opala, Ksudach, Aiaid, and 
Ebeko. During the last 1,800 years, at least 17 ashfalis were 
related to eru{rtioss of ttee volcanoes. In histmic tfene, ash- 
falls were observed during the eruptions of Avachinsky Vol- 
cano in 1737, 1779, 1945 and 1991; Gorely in 1828 and 
l832;Ka!:pissly in 1963;aiidAWd^»^^^^ 
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KARYMSKY 
(LAT 54.07°X.. LONG 159.60°E., ELEVATION 1,486 M) 

KaryEisky is a small but very active aadesitic strato- 
vofcaiKS located approxiin^dy 125 km irofeast of Peteo- 
pavlovsk-Kamchatsky (fig. I). The explosive-effusive 
en^ptioR that commenced io 1978 ceased in 1982. Emp- 
ties were mainly of iJie Vii^caman as^ Valcjraasi-Strom- 
boUm types. The characteristic feature of the Karymsky 
en^ons is the forniatioc of a lava dome in the central part 
of fee crater, iie {testfflc»oa of vrfhidi Weed to large 
explosive eruptions of Vulcanian type that change the mor- 
phology of the crater. A series of strong Vulcanian explo- 
sions iiiat began is Aiigi!St-Sq>tember 1982 had ceased by 
October (Ivar.ov and others, 1984) — although a small 
amount of fomarolic activity occurs in the crater and sear- 
cratCT part of ttie volcano. 

The mass of pyroclastics ejected during 1980-82 was 
about 40 million tons. During the eruption on May 11, 1963, 
fee asb doud drifted over Petropavlov^-K^chja^. 
Meteorological data obtained on May 1 1 in Petropavlovsk- 
Klamdjatsky indicate that the transport of ash coMd take 
place m fee tropa^teie^ aMtaAs of 3 to 1 1 ion, where a 
constant northerly and northeasterly wind blew at a speed of 
12-18 nv's. At 12- to 15-km altitude in the stratosphere, air 
nms^ <irifted^ m tioithwest asd (fitecti«BS. 

Avachinsky Volcano is located 27 km north of Peiio- 
paylov^-Kamchatsky (fig. i). On January !3, 1991, m 
eruption started with two &iplod<m pc(^iM:i^ & ^K-aad- 
ash column that rose to 8- to 9-km altitede aad moved «>^- 
east toward Petropavlovsk-Kamchatsky at a speed of 100 
km/hr. Ash began &BiBg at the town in than I hour ate 
the'SfiKrt <rfiJie'CTtq)tion. ITie widfe asiiy i vm «|^mx- 
im§|dy 3-4 km, and the area of ashfall 400-5(W te^ (I. 
Mdekestsev, oral commun., 1991). 

The eruption continued until January 24, 1991, with 
intense ashfalis on January 16 and 17. On January 16, the 
eraption cloud drifted southeast, and satellite photographs 
indicated it was 200 km long and 1 .5-2 km wide. On fanaary 
17, the iBh ckwd fixjm Avachinsky Volcano, acc<»Sng to 
satellite images, drifted northeastward, :Ate Mmary 13, fee 
height of gas-ash ejections generally dffil mt «c<^d 200-300 
m mii ^Mmk tm^fsd 2,0^ m ^ttts^k a^^« t&e <x^. 



GORELY 

(L.A.T 52.45°N., LONG i58.12°E., ELEVATION 1,829 M) 

Gorely Volcano, approximately 65 km south of Petro- 
pavIovsk-Kffiicfeatsfcy (fig. I), erupted in 1980-81 and 
1984-85. The eraption of June 1980 to July 1981 produced 
eruption columns of the Vulcanian type that rose to 5 km 
above fee crater and ejec^ 48 million tons of ash (Ivasov 
and others, 1982). The December 1984 eruption resembled 
the previous one: eruption clouds rose 2 km above the crater, 
and appfoximateiy I mfflicm tons of ash wei« ejected 
(Ivanov and others, 1985). During 1985, the volcano was in 
a stage of phreatoms^matic eraptions of different intensity, 
and fee height of fee eruptiao column ranged from 100 to 
3,500 m above the crater. The area of ashfall was small and 
confined to fee volcano edifice. The eruption varied from 
seimate otffoassts to a coie^istobb «ni^im of steam in fem 
jets or columns from which a cumulus cloud generally 
formed. The dynamics of the steam-gas jet were dependent 
on weafeer conditions (wind speed and direc^«a and air 
humidity) — in clear, windless weather, the steam-gas col- 
umn reached maximum altitudes. Frequently, the eruption 
cloud formed one or occasionally two thick steam-gas 
plumes 200 m high and extending 20-150 km downwind 
from the volcano (Ivanov and others, 1985). 

Dmmg recent y^sans, Cka^y V<^«i«o has been m a m§& 
oi msm (£^^om. <M 25, 1986, neiarfe* top of fee 



55- 



450 




Figure 4. Distribution of ash for the eruptions of Alaid Volcano 
m Aj?nl 27, 1982, and of the northern breakthrougbi of Tolbachik 
Volcamo in !975 (firom Uekkes^, 19S9). 
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active crater, a steam-gas emission of light brown color (due 
to entrained ash particles) was observed. Ash covered an 
area surrounding the crater of 300 km^, and the weight of 
ejected ash was estimated to be 3,780 tons. Ash-and-steam 
clouds slowly stretched in the form of a thin plume for dis- 
tances up to 100 km. 



OTHER VOLCANOES 

Eruption of Alaid Volcano (lat 50.80°N., long 
155.50°E.), presents substantial hazard to airliners making 



flights over Kamchatka. Alaid, on one of the northernmost of 
the Kurile Islands (fig. I), is an almost perfect cone rising to 
2,339 m high above sea level. The most recent explosive 
eruption from the summit crater took place between April 27 
and June 5, 1981 (fig. 4), when 650 million tons of materia! 
were ejected. Satellite data indicates that ejections during the 
initial stage of the eruption reached 15-km altitude and an 
ash plume extended formore than 1,500 km (Sawada, 1983). 
The volume of ash that fell in Severokurilsk, within 45 km of 
the volcano, was 15-20 kg/m^. In the western Aleutian 
Islands, the ash layer was 3 mm thick (Fedotov and others, 
1981, 1982, 1986). On May 5 and 6, 1981, ash was detected 




Figure 5. Eruption of KaiymsScy Volcano in December 1 977. Hsotograph by N.P. Smelov. 
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in ^le ateosplMre above San Francisco, Calif., at an altitude 
of 12-1 3 km. 

The airport in Severokuriisk (fig. I) can also sustain 
damage from nearby Ebeko Volcano (lat 50.67°K., long 
I55.93*E., elevation 1,!38 m), wiiose most recant mqstion 
began in late 1988 and continued to the summer of 1990. 
The frequeni^ of gas-ash outbursts from the crater was sev- 
eral tamdred per moirdi, 3^4 in some ca^, tJie intervd 
between eruptions was less than several minutes. Eruption 
material was ejected to altitudes ranging from a few hundred 
m«*ers vip to 1-2 km for peno&s vp to several tsns of 
seconds. 



CONCLUSIONS 

At Sie tim* Ms report is h&t% prepared (1992), int»- 
national airways pass approximately 400-500 km east of 
Kamchatka in the region of Atto Island. (This may change 
siKHliy as wsm airw^s are pteii^ flia* will &«ctiy overfly 
the Kamchatka Peninsula.) Volcanic hazards for airplanes 
arise chiefly from explosive Plinian eruptions with volcanic 
ash transport to the east Eniption columns rise to 10-km alti- 
tude, and ash may be transported for hundreds of kilometers 
downwind from the volcano. Due to the long duration of 
esqjtloas, ash fallout near the volcano from the eruption col- 
umn is possible in all directions. The most likely direction 
for ash transport from Kamchatkan eruptions is to the east, 
southeast, and south at altitudes of 6 to 10 km. Ash clouds 
drifting for hundreds of kiloHieters from the eri^ticm center 
pxse^mM^lBgtm't&^•m^hm!S2sm:B astoakirorts crfKIy- 
udii, Ust-Ksrachatsk, and Kozyrevsk. 

B&zyttmmy Volcano probably causes dangca' to mr 
traffic onfy a few days per year during periods of adual erup- 
tion. The radius of the maximum hazard reaches^ a few t«is 
of kilometers from the volcano. Ash transport is likdy to 
occur at 5- to S-km altitude to the nortiseast and south. Cer- 
tain dangers may arise to airliners operating to and from the 
airports of Klyuchi and Kozyrevsk. In its present style of 
activity, Bezymiatmy Volcano piesente little danger to air 
traffic carried out at 9-km altitude and higher. 

At Sheveluch Volcano, hazards can arise from sh<»t- 
term, ft«<p»nt explosions at ttse exttusive dome with the 
eruption cloud reaching 8-km altitude. The comparatively 
small ash concentrations in the Sheveluch ash clouds sug- 
gests &at the airspace at 4- to S-km aM&ide mMn SO Ion of 
the option center during a one-half-hour period beginning 
at the onset of the eruption is the most dangerous to airliners. 
Explosions usually last a few terns of seconds, and prevailing 
ash transport is to the east and southeast. Such eruptions of 
Sheveluch are of concem to local air flights operating at Kly- 
udii and Ust-Kamchatsk aitpoits. 



Karymsky Volcano (fig. 5) is hazardous to aviation 
wifliin 100 km of the eruption center. Individual large erup- 
tions under certain weather conditions can result in ashfall in 
the airports of Petropavlovsk, Elizovo, and Milkovo. Pre- 
vailiEg ash teausjwit can be at 2- to 6-km altifiide to 
southeast, and south. 

Futae eni^ons ax Ava<^iissky Volcai»} cm p»^&»e 
a^ that would drift at 4- to lO-km altitude to Ae northeast 
and southeast. Eruptions may last from a few hours to a few 
weeks. Moveraeat of tihe ash may cause certain danger to 
i^onal airlines and to domestic flights, including the 
r^ons of the Petropavlovsk and Elizovo airports. At the 
Gorely and Mutnovsky Volcanoes, eruptions may last fasm 
a few days to several months. The probable ash transfer nay 
take place at 3- to 8-km altitude to fte east. The eruption 
cloud can be transported for distasices from a few teas to a 
few Imndreds of kiteaetoK. Utrfer c^Etem we^i^ cosdi- 
tions, the ash can cmse; <isRger to »rasaft^per«l^ iA iie 
Elizovo airport. 

£n^t!<»)S ftom Alaid Volcano are potojtially immd' 

ous to intmi^onal flights along North-Pacific air routes 
(e,g. Anchp«^e-^^^u|,,^ Ang^^ ete.) as 

well as to A>niesric flints. Ash produced by Alaid may be 
transported many hundreds of kilometers from the volcano. 
The ash is likely to be transported at 8- to !5-km altitude to 
the TMtdieast, ^st, and southeast. Large ashfells are 
ejipected in the airports of Ozemovsky and Severokurilsk. 

The eruptions at the Ebeko Volcano (Paramu^ir 
Island) can produce ash that will drift at I- to 2-km altitude 
to the northeast and southeast. The greatest danger may apse 
to local air routes and to the aiiport of Severokurilsk. 
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ASH CLOUDS: CHARACTERISTICS OF 
ERUFnON COLUMNS 
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ABSTRACT 

An eruption column is the vertical or subvcrtica] part of 
^ missiaos issBing fiom an explosive volcanic vent or 

from the top of a pyroclastic (ash) flow. Eruption columns 
range in height from low, small-scale bursts to huge convec- 
tive systems that rapidly transport ash, volcjmic gas^, and 
entrained air into the stratosphere. Some eruption columns 
are the product of instantaneous releases of ash and gas, and 
ikisk rise con^Sste m isx^iated tei^ v^bie crtiers w:e 
more steady convecting systems that are fed by a neariy con- 
stant rate of release of material from the v&as. (saai&t^ned). 
Eniption columns have a lower ga&43test te%m. (fee of 
mateiial ieaving fee vmt— tihis c<Hnmoi% represeiits less 
tim iO percert of Ae total eniption-coltimn hdght) and a 
buoyant convective-thrast region that constitutes most of fee 
coIimiD in iatge PMniaii aM Vulcaniaii enj^tions \m may be 
small in Hawaiian and Strombolian types. Above shis is the 
umbreiia region, a zone of momentum-driven rise and con- 
siderable lateral spreading from wMch ash fall be^s as 
material is fed into fee d0wnwind phime. CharacteriiStics of 
eruption columns vary according to the style of explosive 
eruption, and this paper summarizes most of the important 
types. Although aiariost all types of explosive eruption are 
capable of generating ash columns and plumes that are haz- 
ardous to aircraft, Vulcasiaa eruption columns are probably 
tiie most dangero*8 m a woddwide basis owing to their fre- 
quency, unpredictability, high fine-ash content, and ability to 
easily reach altitudes well in excess of common flight paths. 

INTRODUCTION 

Volcanic ash clouds pose a considerable danger to avi- 
ation. These laterally spreading, wind-driven clouds are 
parts of an jtoiospheric dispersal system feat tiansp<»ts 
pyroclastic material (ash) and gas upwjtrd from fee volcanic 
vent and spreads them in the atmosphere. The vertical to 
inclined part of the dispersal system, termed the eruption col- 
umn, is the major control on the heights of ash clouds. The 
downwind, drifting part of the system we refer to as the 
plume (fig. 1). We review the current understanding of 



eruption-column processes, discuss the range in column 
characterisfics for different types of volcanic eraptions, and 
give aa assessment of which eruption types may be the most 
hazardous to flying aircraft. Previously, Rose (1986) has 
reviewed volcanic clouds fsxm tite perspective of hazards to 
aviation. The same basic componsnte exis* in ail types of 
explosive volcaaic eiq)tion columns, and feese will be dis- 
cussed first. 



CaNBPONENTS OF THE ERUraON 
COLUMN 

Our understanding of volcanic phenomena such as 
eruption columns comes both from observations and mea- 
surements oa empting volcanoes and fcmt ffatd-dynamic 
modeling of the behavior of buoyantly convecting systems, 
verified in some cases by analog experiments using (most 
oftea)..aq[H«HiS.fluids.. AtJ.,era|:^<m,coh3m!i.coM®^ofaJow- 
ermost gas-thrust region, a convective-thrust region, and an 
uppermost umbrella region (Wilson, 1976; Sparks, 1986; 
Woods, 1988). This feree-fold dS vision applies to all col- 
umns, from those that are steady systems supplied by a main- 
tained release of material from the vent to those that are 
produced by an instantaneous explosion and rise as an 
isolated &erm^. 



At fee base of the eruption column, fee feigmenting 

craptive mixture that has been produced in the volcanic con- 
duit by decompression-induced expansion of volatiles in the 
magma (and perihaE» by other mechanisms) untegoes a 
drop in pressure as it enters the atmosphere. The accompany- 
ing expansion of the system produces a jet at the vent mouth 
(the magma- or rock-air interface). The vent mouth may be 
deep wifein a crjder, and not readily visible to fee obser/«r, 
or at the surface. The jet, which is initially denser than fee 
ambient air, forms the gas-thrust part of the column. Air is 
engulfed in great quantities into feis vertical or subverticaJ 



65 



66 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 




Figure 1. Three parts or regions of an eruption column: gas 
thrast, convective thrust, and umbrella. 



turbulent jet (Wilson, 1976), and the structure is subjected to 
enormous atmospheric drag. Even in violent, high-intensity 
eruptions in which exit velocities approach the maximum 
possible for volcanic venting on Earth (about 650-700 m/s; 
McGetchin and Ulrich, 1973; Wilson, 1976), the gas- thrust 
region will not exceed about 3 km in height due to drag 
forces. The resulting rapid deceleration can slow the jet to 
speeds of a few tens of meters per second; thus, at the top of 
the gas-thrust region, velocities in the column may be at a 
minimum. In some eruption columns, the upward velocity 
falls below this minimum only at the top of the umbrella 
region, where the thermal and kinetic energy of the column 
is exhausted. 

In many eruptions, loss of coarse material known as 
ballistic ejecta occurs from the gas-thrust region (fig. 2). 
Also, if the eruptive mixture docs not entrain sufficient air to 
attain a bulk density less than that of the ambient atmo- 
sphere, gravitational collapse of part or all of the column will 
occur, forming either fire fountains or pyroclastic (ash) 
flows, depending on the type of eruption. This aspect will be 
dealt with in detail later. Although important in column 
dynamics, the gas-thrust zone rarely contributes more than 
10 percent to the column's total height and is therefore of lit- 
tle concern to flying aircraft. 



CONVECTIVE-THRUST REGION 

If sufficient air is entrained into the jet, the eruption col- 
umn overshoots its first neutral buoyancy level and passes 
into the convective-thrust region where turbulent convective 
rise of the erupted mixture due to its heat content and lower 
than ambient density becomes the dominant driving force. 
Convective thrust exerts the greatest influence on eruption- 
column height, accounting for between 50-90 percent of the 




Figure 2. Instantaneous Vuicanian explosion from Artak Kraka- 
tau in September 1979. Note the large ballistic blocks separating 
from the gas-thrust region. Photograph courtesy of Michael R. Ram- 
pino. 



altitude reached, and ultimately controls the nature of the 
whole eruption cloud. In this region of buoyancy, the greater 
the heat input at the base, either as an instantaneous release 
or a maintained flux, the higher the column will rise (Morton 
and others, 1956). In basic terms, H, the column height, is a 
function of the thermal flux into the system (0, such that 

H = KQ^^" (17) 

where 

« = 3 or 4, depending upon whether the shape of the 
source vent is circular or linear, respectively (Wilson 
and others, 1978; Woods, 1988; Stothers and others, 
1986), 

AT is a constant that varies mostly according to the density 
stratification of the ambient atmosphere and whether 
the thermal energy input is maintained or instanta- 
neous, and 

Q (for a steady column from an approximately circular 
vent) is the heat flux given, for exam.plc, as J/s; for a 
linear vent or fissure, Q is the heat flux per imit length 
of the fissure (J/s/m). 
For the rise of an isolated thermal, Q is the total energy in 
the instantaneous release (J). For steady discharge from a 
circular vent, Q is largely determined by the am.ount of 
magma being erupted and its general properties; therefore, 
column height is proportional to magma flux rate, which we 
term intensity. Although we will not go into details here, 
the major constraints on colunan behavior are thus the mass 
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mj^sn rate and initial velocity of the fragmenting magma, 
lk& size of the vent, and the amount of volcanic gas escaping 
jSom the magma {see i^jics^«<i><^tes, votame, for a 
mca-e detailed treatment). 

Mot all convecting ash columns come directly from 

tops of eraptive phenomena Icnovi'n as pyroclastic (ash) 
flows, and there is a direct relationship between the magma 
fisK at the v«Ej|#«di^^#ef yioctetic €ovs^Si iiesESs-of fee 
pyroclastic flows, and the height reached by ash columns ris- 
ing off the flows (Woods and Wohletz, 1 99 1). Co-ignimbrite 
^'C^tams differ from most other columns m"imw%"'m 
^BHflsrost region: rise takes place entirely by convective 
thrust They also form above pyroclastic flows derived from 
the collapse of m^alsje pai& of steep-sided lava domes, in 
which ca?ei5m is Kopretoiffi^ venting of materisil. Some 
of fee ash ct^umns in enaAy 1990 ham fee Alaskan voioano, 
R-^ttbt, were of this type (Scott and McGimsey, in press). 

Many different types of explosive eruptions occur 
worldwide, giving a considerable range of eruption-column 
characteristics such as height, width, vertical rise rates, and 
ash and gas conleats. In the least e»e3^etic types, most of t^» 
erupted material collapses as a fire fountain at the top of fee 
gas-thrust region, and only a small proportion of finest mate- 
rial, the released volcanic gases, and fee engulfed and heated 
air rise in fee convective region. Much of fee magma in such 
eruptions is only poorly fragmented and the predominant 
laxge bombs fall out without cooling significantly, a situation 
of poor feemml efficiency between hot material and 



entrained air (Woods and Bursik, 1991). This behavior char- 
acterizes Hawaiian and Strombolian eruptions, which have 
fee lowest cdumm. to fe® iiK>ie iitose ®r^Jti<ms, VnksBma 
to Plinian, where most of the magma is highly fragiuaited 
into small pieces, almost all the erupted material passes into 
fee convective region. The high degree of heat transfer 
between hot clasts and gas and the entrained air (high ther- 
mal efficiency) and fee increase in column velocities above 
fee ^-tteust region gives a strongly buoyant system. In 
order to maiatain rise, fee bulk density of fee column (ash 
plus gas plus entraised air) must always be less fean fee 
ambient density. As fee column rises, there is a complex 
interplay b^een cooiii]^ lesuitiag from altitude in ti* tro- 
posphere and fee cooling of fee cofcnm owing to entrain- 
ment of air that is colder and denser. 

Btireik^ arid Woods (1991) recenti^ ^wed feat col- 
umns feat tm^erss marked acceieiation wife height over 
some height range in fee convive region are fee result of 
particular combinatiCHis of nms ^j^on rate and initial 
velocity. They temed sjch ajismns superimoy^t as 
opposed to feose feat rise at rates similar to or only slightly 
above the velocity mmimum. Needless to say, many eruption 
columns are seperbuoyant and most will overshoot feeir 
upper or second neutral buoyancy level in the atmosphere, 
which is generally somewhere in the middle to upper tropo- 
spitere. Above this point, fesey rise owing to momentom 
rather than convective lift. 

There is feus a range of convective column behaviors 
(see also Sparks and ofeers, feis vc&ane), firom w^ly rising 




Figure 3. Three possible modes of behavior of eruption columns — ^intensity of eruption increases from left to right. Wind is 
ftom the left in-'each casse. At side of each diagram are shown normalized velocity (v) profiles verssis height (h) for these col- 
umns. Left, weak isolated thermals, which are influenced by die wind. Center, a hi^cr intensity buoyant column, influenced 
by fee wind ooly at tk; top. Rig^it, a high ititens%, superbaoyaat column with a proiKKDnced ttmbrella region. 
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Fsgare 4 (above and facing coIiEin). Examples of different types 
of eruption column. A, instantaneously generated buoyant thermal 
from a Vulcanian explosion of Ngaaruhoe Volcano, North Island, 
New Zealand, in 1975, being blown over by a wind of about the 
same velocity as the average column rise rate. Final elevation 
reached by plume top was about 12,000 ft. (Photograph courtesy of 
New Zealand Geological Survey.) B, A maintained Plinian column 
from Mount Pinatabo on June 12, 1991. (U.S. Geological Survey 
photograph courtesy of David Harlowe.) C, Mount St. Helens erup- 
tion column with umbrella cloud rising off blast flow at about 09:52 
Pacific Daylight Time, 18 May 1980. Maximum height reached by 
this co-ignimbrite thermal was 85,000 ft (26 km). Photograph pro- 
duced by James F. Kolberg (from Sparks and others, 1986). 



ones that are easily pushed over by the wind, to those that 
rise to the tropopause and then stop due to the inversion in 
atmospheric temperature, to those that punch through the 
tropopause and rise considerable distances into the strato- 
sphere (figs. 3 and 4). All convccting columns eventually 
slow down and stop primarily because of the density stratifi- 
cation of the atmosphere and the resulting fact that, at some 
height, they consist of material that is denser than the sur- 
rounding air. 

UMBRELLA REGION 

In the upper part of the convectively rising region, 
velocities decrease and the slowing top of the column acts as 
a cap on the still rapidly rising material below. As a result, 
gravity forces the column to expand laterally and form the 
characteristic umbrella-, mushroom-, or anvil-shaped top to 
the convecting region (fig. 4Q, analogous to a large cumulo- 
nimbus cloud. In the most energetic, high-intensity eruption 
columns, the expansion is strongly radial, and spreading may 
occur to distances of tens of kilometers upwind. Umbrella 
clouds can form in the troposphere as well as the stratosphere 
and may thus present a considerable hazard to aviation: fly- 
ing upwind of a rising eruption column may not keep an air- 
craft out of the ash if a spreading umbrella cloud begins to 
develop. 
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As the material mmg in m eruptiou column slows in 
the upper part of fee convective-thrast or umbrella region, 

the largest and densest particles can be no longer supported 
by the upward velocity of the column and particle fall out 
begins (Carey and Sparics, 1986; Wilson and Wifter, r98f). 
Spreading of the ash also takes place into the downwind 
plume from the umbrella region, often after the umbrella 
cloud has subsided fixss its msoclmum hei^t (Bursik and 
others, this volume). A recent discovery, based on tempera- 
tures of the tops of eruption cotans measured from the data 
provided by tibfflsa! infrared sensors on weathKr sal»Hites, 
has shown that the umbrella clocd may be in marked thermal 
d!se<|8iEbrium with the ambient and may be undercooled by 
Bp to ^era! t^s of (fegirees Celsius (Woods and Self, 1992). 
The undercooling is due in part to the extreme adiabatic 
expansion that occurs in the umbrella region, and the denser 
umbrella region therefore tends to subside until it reaches a 
level of neutral buoyancy, from which downwind disf^isal 
of ash takes place. 

As discussed above, eruption columns can also be sub- 
divided into those that grow above maintained (quasi-contin- 
uous) explosive venting and those that develop above 
essentialfy instantaneous or short-lived explosions (Wilson 
and Self, 1 980). Because the all-important heat source is not 
maintained in the latter, the physics governing columns from 
BStmtaB^ous ©cpiosioDts js sll^tly different (Morton and 
others, ! 956). The rise height of the isolated thermal type is 
controlled by the total mass erupted rather than the mass flux 
as is the case for the maintained eruption columns (Wilson 
and others, 1978; Woods, 1988). A simple way of distin- 
guishing these two modes of behavior is that, in the instanta- 
neous type, the heat source (usually explosive magma 
output) csts off before the top of she column peadtes its max- 
imum height, and the column acts as a ample tteiaa! rising 
tfaroagh the atinos|Aere. Ccaiversely, for the maintained 
case, the heat somce hjnger than the tiiBe te^en for fee 
column to reach its maximiim height, but it need not be 
steady; even a series of discrete explosions spaced seconds 
to minutes apart can generate a maintained column because 
rise tim^ to isminmpi elevations are generally of die owter 
of minutes to teas of miiftutes. 

In an attempt to express some of these theoretical con- 
siderations as information of use to aviation, we next place 
the various characteristics and scales of eruption columns 
into a global context according to explosive eruption type 
and frequency of occarrence. 

FREQUENCY AND TYPES OF 
EXPLOSIVE EEUmONS 

Of most importance to aviaticm are, (1) tiw heigfrt that 
columns can reach and then disperse their load of ash into the 
prevailing winds, (2) the column rise rates, (3) the content of 
fine ash d^at may be suspended or falling in fee atmosphere 



for constdeiabie (^stances or periods, and (4) the duration of 
the ash clouds. Utis information has been combined into 
table 1 , which gives a simple breakdown into the more com- 
mon eruption types, Hawaii^ Stromlx>iian and snail Vul- 
cmim, with an average frequency of 5-10 ereptions per yr; 
the less frequent ones, such as sub-PIinian to small Plinian, 
lai^er Vulcanian, and phreatomagmatic eruptions, with 1-2 
en4>tions per yj^ md fee rarer types, iiiciuding major Plinian 
and large co-ignimbrite ash-cloud-forming eruptions with, 
on average, less than 1-2 eruptions per decade. Although 
quite crammon, phreatomagmatic eruptions, in which magma 
mixes explosively with surface or subsurface water, have not 
been mentioned before because their eruption columns are 
broadly simite Init less well antostood fias dryo-, dransi- 
nantly magmatic ones (Wilson, this volume). Table 1 is 
based on years of voicanologicai observation and stody of 
eriijAg volczmoes md feeir deposits and is necessarily a 
summary. 

Almost all types of eruption columns can inject ash to 
safficieat l^^ts to be hazardous to aircraft, so even modest 
eruptions pose a potential danger (Simkins, this volume). 
The largest eruptions, wife fee biggest columns, alfeough 
potentially fee most dangerous, are also the rarest. The most 
ccfflamoR eit^jtions, fee Hawaiian and Strombolian type, pro- 
duce litfle fine ash and usually present no danger to aviation 
in graieral. However, their ash-producing capabilities should 
not be im<fer^feiated for aircraft venturing dose to fee 
eruption. For instance, fee 1973 StromboMan eruption at 
Heimaey, Iceland, produced fine ash-ladcn clouds that rose 
to 30,000 ft during 1- to 2-day periods several times during 
its3-«0Hfe-longempti«. 

A schematic view of the distribution of hazards to air- 
craft from explosive eruptions of three selected frequencies 
is given in figure 5. These intervals also broadly correspond 
to certain magnitudes (equivalent to bulk volume of magma 
released) and types of eruptions, as shown on table 2. 

SPECIFIC ERUPTION TYPES 
GROUPED BY COLUMN HEIGHT 

COLUMNS EXCEEWNG 3%m FEET (12 KM) 

Such columns issue from Vulcanian and violent 

Strombolian (Walker, 1973) eruptions and from 
phreatomagmatic eruption columns that may rise above 
vents in shallow seas or la*e water or cm ^ascler-clad wlca- 
noes. Many bat not all result from instantaneous to inter- 
mittent explosions and, thus, behave as isolated feermals. 
Ute coiamns generally display normal imymcy dharacter- 
istics but can be superbuoyant; fe^ columns seldom 
extend far above the tropopause. Often ti^y are affected by 
fee wind due to the relatively slow velocities of convection 
and become inclined (fig. 4A). Umbrella regions can 
develop at the tops of feese columns, and during the recent 
1989-90 en^icHJ of Redc«H several exsanples were 
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Table 1. Summary of characteristics of volcanic eruption columns. 



Global ftequcncy per year: 5-10. 

Iv&ximwHiffii^t/ width (mfeoB^sds of fe^ 26-33/7-13. 
Avess^e rise rate (in feet per second): 1 5-35. 

DBntti<m {in hoijrs); continuity: 1 0-1 ,000's; intermittent to semicontirmous. 
Ashcoatest: Low to moderate. 

(Mxa features: "Dry," volatile-beariaig colsima; few fias particie^ may be difScult to detect visually. 
ReceBi exaE^5>les; Kaaaea, 1983-86; Paca5«, 19%; 0^±na, 1986; Stromix>li, c<»tim8>ats. 

P<^eatia! bazani to aviation: Low. 

EnigtioB Qpe: Scrtscyan (plireatogtagKatic) 

Global fieqaoKy per year 1-2. 

Maximtm height / width (in thousands of feet): 26-39 / 13-20. 
Average rise rate (in feet per second): 1 5-35. 

Duration (in hours); affltmnity: 10-1,000^, atemittrat to saemconliKtiffiiS. 
Ash content: High. 

CM»er fejteest Wfet, ^eim^^^kmis; a* rkto; mack i^egiSkm, of particles. 
Recent examples: White Island, 1976-82; Ukinrdc, 1977; Siatsey, l%3-65. 
Potential toard to aviation: Medinm locally. 

Global feeqaency per yean > 10. 

Mmmsm height / width (in thottsands of feet): 32-62 / 20-32. 

Average rise rate (in feet per second): 50-260. 

Deration (in hoars); coatisiaty: 5-100*s; extremeiy spasmodic to semicontimiotis. 
Asltcont^ Modar^tohlj^ 

O&er feahires: Very cossmm, widely variable style of activity; associated wifli mial! ash flows, 
aecmt esian^Ies: ^oubt, 1989-90; Sakurajima, continuous; Faego, 1974-79. 

Bj^teatial hazard to aviation: High locally, moderate regionally. 

Erapaoa^^: SBl>-Plii»iaBtoFliiaaaOitcio4i8g^i^^ 

Global frequency per year O.l-!. 

MKCbEDSm height / width (in thousands of feet): 39 to > 150 / 32-2^. 
Average rise rate (in feet per second): 65-233. 

Dfflisakm (in hours); continuity: < 1 to 2iX^, sanicojitiHSoas to ccmtiaims. 
Asiimulest: Moderate to hi^ 

OftCTf«^OTes; €oarse ffldfifee particles in high column; dtei ^tot-lived but maiataiiwd. 

Recent examples: Hekia, 1991; Mount St. Helens, 1980. 

Potential hazard to aviation: High over large regions. 

Eruption type: Ash flow, co-jgrjxmbritc xsli ciond 
Global frequency per year: < 0 . 1 . 

Maximum height / width (in thousands of feet): 39 to > 1 30 / 262-490. 
Avers^e rise rate (in feet per second): 260-650. 

ftotioa (in hours); continui^: a few(?) to 100(?); semicoatinnous to amtinuous. 
A^cojstrat: ffigh. 

Other features: Very high rise rates; large magnitude; infrequent. 

Recent examples: Small: Mount St. Helens, 1980; Pinatubo, 1991. Large: Katmai, 1912. 

P<«^ttialKaz2rgtoayiatiOK:^ large ri^ons. 
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Figure 5. Schematic diagram showing fee distribution of hazards to aircraft around explosive eruption columns of three selected frequen- 
cies. Upper diagram is sectional view; lower diagram is plan view. Vertical and horizontai scales are equal. 
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T;*ie 2. Approximate fwanroKC istervaJs and bulk volumes of 
mzgm. released for varioas mq>tion iypes. 
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carefully monitored and observed (Woods and Kienle, in 
press). As mentioned above, some of these were co-ignim- 
brite ash clouds iiat rose off small pyroclastic flows and 
reached only 40,000 ft. 

Eruptions producing these columns can be short-lived, 
but many last for weeks to mon&s, during which time mate- 
rial is vented sporadically. Tbfiy may have a single or several 
climactic phases when maintaix]«d colusms are generated for 
periods otupto & few bmts, ats ki tlte Re(buJ3t case. The 
mechanisms of magma ftagmeraation, iiwi:««3iag generation 
of fete ash by explosive mixing with water in the 
phreatomagmatic examples, usually lead to a very high con- 
tent of fine ash (Heiken, this volume). Because some of these 
eruptions last for monfes to years and due to titeir intermit- 
tet& nature and the unfs^dictable generati<Hi of rapidly mmg 
columns, they loom large in the list of tilose that have caused 
aircraft-ash cloud encoujDters, f<» ©cample, Galua^wng 
(1982-83) and Redoul* (1989-90). 



COLUMNS EXCEEDING 50,000 FEET (15 KM) 

These large columns include those of maintained Vul- 
canian and Piiniaa eruptions (ig. 45) and co-ignimbrite ash 
douds that rise off pyroclastic flows. The columns are gen- 
erally maintained, except for some co-ignimbrite ash clouds, 
which rise rapidly to great heights and then disperse ash into 
the ambient wind field. An example of ths latter oocuned in 
early stages of the Mzy 18, 1980, Mount St. Helens eruption 
(fig. 4C), when a giant umbrella cloud rose off &e whole 
area covered hy the blast flow (a Mnd of pyroclastic flow) 
aiwl formed a co-ignimbrite thermal that rose from a few 
tliotisand feet to 88,000 ft in about 4 minutes (Sparks and 
c^fflTS, 1986; Woodsi md Self, 1992; BwA and o^m, tUs 
volume). Within another 3 minutes, the umbrella cloud 
spread laterally to occupy an area of over 3,000 mi-, includ- 
ing pti^ng some 15 mi upwind at iie 6O,O(K)-7O,G00-fl 
level. The spectacular rise rate demonstrated by the Mount 
St. Helens example is not unusual for large Vuicaniaa, Plin- 
ian, md co-igim&bote cobmm. Ixide^ rise in faeces 



of 650 ft/s (200 m/s) are estimated by models for &e higfcffi^ 
intensity columns (Woods and Wohletz, 1991). 

VmkmM fe^oiB ^ erapticHa cohimas cm cover 
immense areas; we have recently experienced the giant cloud 
from the large Plinian eruption of Mount Pinatubo on Luzon 
in file l%ili|^»i}^, which on June 15-16, 1991, i^tained a 
dteme^ in excsss of 800 mi and an area of about 520,000 
mi^ (Global Volcanism Networic, 1991a; S. Self, University 
of Hawaii, unpub. data). This cloud was the result of a com- 
bination of a Plinian eruption column reinforced by co-iga- 
imbite ash clou^. 

In eruptions that produce very hi^ columns, fine adi is 
^larated m great ^sa^aice »d faiout occurs from both 
the lanbrella re^on and downwind j^ume for hundreds to 
thousands of miles over a period of many hours to a few 
days. The record of historic vokanism suggests thM such 
high-intensity eruption columns are shoit-Mved, usually last- 
ing for less than a couple of days, and ash avoidance is sim- 
ply a matter of waiting this period out. However, as Ae 
Pinatubo eruption has shown, pre- and post-c!ima<aic explo- 
sions, either from vents or from secondary explosive activity 
in fresWy deposited pyroclastic flows, may produce periodic 
a^ coiunins of tihe isolated-thermzd type ihart attain tei^hls 
of 30,000-50,000 ft. In many cas^ po^-climactic activ% 
lasts for several weeks to months. 



A WORD ABOUT EXTREMES 

There are several interesting and potentially dangerous 
aspects of eruption columns that we have not discussed. 
Some of titese sere MeSy mentioned here while discussing 
the extremes of fte specfaum of explosive eruptive pheacsa- 
ena. Thankfully, most of these features arc rare. 

Maximum column heights probably reach about 
160,000 ft (50 km) above the Earth because of the combined 
effects of drag on the huge ash-cloud system and the steadily 
warming stratosphere, which limits buoyant rise. In recent 
historic events, fee Plinian and co-ignimbrite ash coiamas 
&om the Tamboa 1815 eruption probably reached about 
130,000 fl (40 km) altitude, as perhaps did the same types of 
clouds from Krakatau in 1883 (Rampino and Self, 1982; 
Carey and Sigurdsson, 1989). The 1956 Bezymianny erup- 
tion in Kamchatka produced a short-lived column, similar in 
type to the Mount St. Helens umbrella cloud described 
^ve, tihat IS pmported to terve meshed 148,000 ft (45 km) 
(Gorshkov, 1959), and the Pinatubo giant cloud reached at 
least 98,000 ft (30 km), although its maximum elevation is 
y<* to be (tetermined. 

Despite the fact that the great altitudes attained by some 
eruption columns are well above the limits of aircraft, an 
important corollazy of the great height is that tiie fallocft of 
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ash from such clouds will cover enormous areas. Large Plin- 
lao airf co-tgBmbrite tmbreBa ash ciosids may cover more 
than 1 million mi^; we alluded above to the half-raillion-mi^ 
coverage of the Pir.atubo cloud. Fallout downwind from 
sttdi cloads could occur over contia«i*- or oc^s-shskI 
areas. If clouds of these dimensions were to occur in an area 
of concentrated air traffic, such as over Europe from a large 
eruption in southern Italy or, less Kkeiy, over the continental 
United States from a large eruption in fee Cascades, then 
there would be total disruption of air traffic until the cloud 
dispersed or was carried away from the region and fallout 
ceased Moreover, because a few inches of ash can collect on 
gromd ov^ fee «b&« ws& mccm^z^^ by giant ash 
clouds, the impact m legtons with many airports twsy be 
crippling. 

Laige Vulcanian explosions can generate shock 
waves around the eruptimi column (Nairn, 1 976) because the 
initial exit velocities are supersonic (> 340 m/s at sea level). 
In recent eruptions, shock waves have not been propagated 
large distances. However, ia passt miptioiis, mo&. notably 
Krakatau 1883, shock waves, manifested as great explo- 
sions, dissipated over distances of hundreds to perhaps thou- 
sands of miles (Francis and Self, 1983). <^ite Ik>w these 
shock wav^ were gmerated is not kjiown, a«d it is afeo not 
known whst ^rniz^e &ey might caus^ to m aircraft becat£^ 
tN! clmsxXens^cs of &e sk)Ck Ikmt are imexplored. 

SUMMARY 

Volcanic ash reaches altitudes where it is dange«»is to 
aircraft by rising in eruption columns. The dominant process 
in the columns is thermal convection, driven by the release 
of heat from the erupting magma, and the most significant 
part of a column in terms of controlling its height is the con- 
vective-thrust region. There is a size spectrum of eruption 
columns, ranging from low ones above Hawaiian-type fire 
fountains to kige Flinian ai»i co-ignkiMte oin^ ibai can 
reach wdi over W,(KW ft in altitude. At the i35>per end of 
many columns, ash is spread over a wide area in the umbrella 
region, wMch gradually subsides and becom«s ©cten<fed 
dcwnwmd to foan fee ash plume. Most ecuption ashmms, 
event feose from small eruptions, can reach altitudes where 
fe« ash dispersed from diem will constitute a hazard to com- 
merciai and mffitaiy air tt^flc. 

This review does mt consider the del^®ri<«JS effects of 
3^ ^Dicountered by flying aircraft, wMch is a main featne of 
this volume. However, one aspect feat sisould not be over- 
looked is the fate of the volcanic gases that rise in the column 
and are dispersed with the ash plume. Some of these species, 
especially sul&r ^oxide, f<»m acid aeiosois titot have Ioniser 
residffltce tim^ ia tbs atmosphsu^ ttoi fee much 4eBsesc sili- 



cate ash particles — these aerosdb are essentially invisible. 
Airctafl: feat have inadvertenliy flown thios^ affir<»ol 

clouds in the troposphere and lower stratosphere have sus- 
tained serious damage, particularly window crazing. Several 
incidents occurred in the months after the March-A^l 1982 
El CMchon en^tion in Mexico (WiUiams, 1989). 



RECOMMENDATIONS 

It is difficult to identify the most significant type of 
eruption in terms of hazard to aircraft; commercial and mili- 
tary aviaticm shoidd be concerned i^Kmt ash clo-uds from all 
types of explosive eruptions. However, for several reasons, 
Vulcanian eraptions probably pose the most significant 
tteeat. They are <xmmm C> 10 per yr), and fee «nipti<as col- 
umns are loaded with fine ash; the eruption columns can 
reach up to 65,000 ft, well above flight corridors. During an 
eruptive epsode, expl(^<ms can occer wife<»it warning and 
produce rapidly rising coluirms. Vulcanian eruptive episodes 
may last for weeks, months, or even years, e.g., Sakurajima 
in Japan. Since 1955, this volcano has been continually 
active in a mode of intermittent explosions, each explosion 
generating a simple thermal. In August 1991, an explosion at 
Sakurajima caused an ash-encounter incident with an aircraft 
(Global Volcanism Network, 1991b; Onodera and Kamo, 
this volume). Several examples of feis type of eruption, 
brides Sstorajima, are already notorious in the avis^on 
ccHtnimmty, mc&dy Galusggimg, Redoubt, and Utam. 
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VOLCANOES: THEIR OCCURRENCE 
AND GEOGRAPHY 



^ySSTEACT 

The explosive volcanoes that threaten air safety 
tend to be airanged in long, linear belts near boxmdaries 
wrhere cmstal plates are converging. These belts cover less 
than 0.6 percent of the Earth's surface. At least 1,300 volca- 
noes have erupted in the last 10,000 years and, because the 
lifetimes of most volcanoes are very long, they are likely to 
erupt again in the future. Arnffitig feese 1,300 volcanoes, 
however, only about 60 are active m a typical year, and &af 
activity may range from the mild pyrotechnics of My's 
Stromboli to prefeistoric cjtfastrophes that dv^rarf recent erup- 
tions SHch as Motmt St. Helens, 1980; Krakatau, 1883; or 
Pinatubo, 1991. Like earthquakes, the bigger eruptions hap- 
pen less oimfean the smailear, wi& St-Helens-sizsd events 
occurring peiliaps once per 6&csxk and eveits siic!i,as Ruiz, 
1985, and Redoubt, 1989, several times a year. During the 
yeais 1975-85, more than 63 ert^tions penetrated the alti- 
taaie laafe of -m tiaifc.«A>«*-tetstHBMe»f^^' ^itoo- iie 
stratosphere where vdfcaaic pexfects «is% d^etsed 
around the world. 

Eruption durations are ofto iKi* i«c<sctei Mstoii- 
cdiy, but they are known to range froffi ttrortesto flioiisaitds 
«f J^KS. Thp^ median duration is 7 wedks, and few ett^tioss 
Isst lon^ than 3 years. Pulses of activity mark all but the 
shortest eruptions, and the paroxysmal event may come at 
any time from the first day (as occurs in 45 percent of all 
eruptions) to mortits or e^m years ajfer the start of eruption. 
Of particular importance for volcano hazards is the fact that 
unusudly violent eruptions commonly occur after unusually 
long periods of repose. The historic record in many parts of 
the world is far shorter than the hundreds or thousands of 
quiet years that precede violent eruptions, meaning that 
seme c^mx most dmigerons vdcaaoes tmy be (fic^e not cur- 
r€»dy recognized as "active." Of the 16 largest explosive 
eruptions in the 19th and 20th centuries, all but four were the 
first hisimc ««!{^<ffit kmvm from the v<^aBO. These factors 
emphasize the importance of communicating reports of new 
eruptions. We at the Smithsonian hope for more news from 
"eyes is Ite sicy" and will do our best to ^mminate volcano 
tepotts as we have dsii^ for neariy a <pailer ceotusy. 



INTRODUCTION 

Anyone interested in keeping aircraft separated 
from erupting volcanoes needs to know where volcanoes are, 
wfcat they db, and how oftaa they do it. This paper will 
attempt to answer these questions, while admitting at the out- 
set tihat the more fundamental questioss---what.is the sched- 
ule of forthccsning emptions?— sintply «m«ot be answered. 
For iKJriy a quarter of a century, I)©wever, wtr group at the 
Sriiffisoiimi^Ss been g^eriig dita <»i'B(M curreaf vblca- 
nisra (McClelland and others, 1989) and earlier activity of 
the last 10,000 years (Simkin and others, 1981). These two 
allied programs offe- as^! backgitaaid for anticipating the 
volcanic activity tlst is likefy in the years ahead. 



VOLCANO GEOGRAPHY AND 
FORMATION 



He di^bution of known volcanoes is shovra in 
fi^re !. Th^ volcanoes are on land or in sufficiently shal- 
low waterliiat Ifeeir g«>logicaMy mx«t ertq^ve activity has 
been recogiiizai by humans. They are the volcanoes that 
pose poteatid tfaeeats to aviation, but the reader who is also 
interested in tiie way die Earfii worics should keep in mind 
that they make up only a small proportion of the world's true 
volcano population. Calculated total amounts of lava reach- 
ing the Earth's surface each year (Crisp, 1984) suggest tiiat 
nearly four-fifths of this lava is erupted on the deep ocean 
floor, at or near the oceanic rifts where the Earth's plates are 
moving away from each other. Very little is known about 
this style of volcanism, nearly all of whidi passes unnoticed 
by humans, but it is largely iioii-expiiosive mi insulated frcan 
ev^ the towest flying aireraft by more than 1,000 m of sea 
water. 

About 1,300 volcanoes are shown in figure 1: 
rou^ly one-half have had historically documented eruptions 

(a common definition of the word "active"), and all are 
believed to have erupted within the last 10,000 years. Some 
are geographically scattered, but most are strongfy coiKen- 
tirated in linear belts, Th^e coyer, legs feao. 1 .percent of 
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Earth's surface but account for 94 percent of all historic 
eruptions. Readers familiar with the concept of plate tecton- 
ics will recognize that these volcanic belts mark the bound- 
aries between major crastal plates. Most of the belts shown 
in figure 1 lie near deep oceanic trenches, where a thinner 
oceanic plate descends under an overriding plate. The vol- 
canoes are roughly 100-200 km above an inclined earth- 
quake zone that traces the downward path of the oceanic 
plate. This tectonic setting is important to understanding 
volcanoes because fluids that rise from this down-going slab 
induce melting in the overlying plate, thereby forming mol- 
ten rock, or magma. On its path upward toward the Earth's 
surface, magma often stops along the way, where some of it 
may cool and crystallize or cause melting of surrounding 
rocks. This slow, complex, and varied route to the surface 
yields diverse, ever-changing magma compositions at differ- 
ent places and times. It should come as no surprise, then, that 
the resulting types and sizes of eruptions are complex and 
varied: they are therefore notoriously difficult to predict, 
even when warning signs are recognized. 

Before reaching the surface, magma commonly 
forms large, irregularly shaped chambers or reservoirs only 



6-8 km below the surface. Here it may reside for tens to per- 
haps even millions of years in apparent quiescence. During 
this time, however, cooling and crystallization relentlessly 
change the magmas to ever more explosive compositions. 
The remaining liquid becomes richer in volatile components 
such as water, carbon dioxide, and sulfur dioxide, increasing 
pressures within the chamber. A variety of triggers may 
eventually drive the magma upward toward the surface. 
Nearly all magmas formed in this converging-plate-margin 
setting are sufficiently gas rich and viscous that, within a few 
kilometers of the surface, the final depressurization drives 
the gas/liquid mixture violently upward, as a carbonated 
beverage leaving a quickly uncorked container. The liquid 
is exploded into countless fragments. These fragments, 
called volcanic ash, are then carried high into the atmosphere 
by expanding volcanic gases. This generalized description 
may explain why volcano repose periods can be very long, 
particularly on a scale of human lifetimes, and why the 
longer periods of apparent quiescence are often broken by 
unusually violent eruptions. In many parts of the world, the 
historic record is very short, relative to the lengths of 
volcanic repose periods. Thus the distinction drawn in 




Figure 1. Global volcano distribution. Open triangles represent volcanoes believed to have erupted within the last 10,000 years, and 
filled triangles indicate those that have erupted within the 20th century. Volcanoes with uncertain status are not shown. Readers interested 
in more detail (plus the relationship to the world's earthquakes and physiography) are referred to the lxl.5-m wall map, "This Dynamic 
Planet," available from the U.S. Geological Survey (Simkin and others, 1 989), or the more detailed information in the forthcoming second 
edition of the Smithsonian publication, "Volcanoes of the World" (first edition is McClelland and others, 1989). 
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figire I— between volcaaoes tbM have smptsd this centjay 
ijose wift lesser evidence for en^ons in tbe last 
10,000 years — should not be misleading; all volsan*^ nmt 
be considered potentially dangerous. 

The above attempt to describe how volcanoes work 
Im focused on those near a>nveiging piate ix>iiDdaii^. Vol- 
cmxs ocxm m c^er tecteic s^tii^ m& Am ptooess^ 
differ accordingly, but iiese differences will be 
described here because it is the convexging-plate-boaadary 
setting to pcms by far tie gr^test volcanic threat to m 
safety. As mentioned above, volcanoes ^ diverging plate 
boundari^ are largely on the sea floor, emerging above the 
oceans m miy a few places like Iceland. Volcanoes in tihe 
interior of tectonic plates — tiie so-calied "hot-spots"— -make 
up only a small proportion of the worlds' volcano popula- 
tion. Those in continental interiors tend to have exceedingly 
long repose perio<fe bat are c^ble of esosnous damage (an 
eruption of Yellowstone caldera 2 million years ago, for 
example, produced more than 2,500 km^ of tephra, dwarfing 
the laigest eruptions of history). Volcanoes in the interior of 
oceanic plates, like Hawaii, tend to erupt low-viscosity lava 
flows rather than explosive ash; therefore, they present a rel- 
atively low tibreat to aircraft. 

ERUPTION FREQUENCY AND 
MAGNITUDE 

Erqptioa reporting im historically depended both 
on hmm c^serveK! and m &>ciis3ienta|ion in the scientific 
itmtee. We ^M^e''&&t 4m'-zppsma<m%^s&m volcsm- 
ism during the last 200 years (fig. 2) represents increased 
reporting — more observers, in wider geographic distribu- 
tion, witij better commsmicaticm, and broader pabii*^- 
tion — rather than any significant change in the planet's rate 
of volcaoism (Simkin and others, 1981). in particular, note: 
(1) feat fee number of active volcanoes has leveled off 
between 60 and 70 per year in the last several decades, (2) 
that the largest apparent drops in volcanism correspond pre- 
cisely to fee two world wars (when observers and publishers 
were otherwise preoccupied), and (3) that the apparent 
increase has been almost wholly in smaller eruptions, 
wl«re^ the fmpsacy of large w&iAs product voluas^s 
> 0.1 km^, and less likely to be niis^ at a ^stance) has 
changed little in the last 120 years. 

Ths lowerii^ot on igore 2 rai^ the mportart point 
that eruption size varies, as most aspects of volcanism, over 
a very large range. A 1977 eruption in Iceland produced a 
c^fyiy measured 26 of lava (a sigaificart: fraction of 
which has been used for scientific study), whereas the largest 
historic eruption, that of Indonesia's Tambora in 1815, pro- 
duced over 150 billion tv? (or 150 Icin^) (Sigurdsson and 
Carey, 1989). Volcanology docs not have an instrumentally 
determined magnitude scale to measure bigness, as the Rich- 
tor scale feat is used for e^sfeq^akes. Alfeough global s^l- 




Figure 2. Volcanic activity since 1790. The dark line superim- 
posed on the annual counts of active volcanoes is a 1 0-year mnnii]® 
average, to show general trends. The lower plot, with expaiakd 
scde m tte 1^1^ ^ws cmly larger ergons wfe tepte volumes 
ofS:0.lkmHvEI^4). 



lite monitoring allows measurement of total SO2 for specific 
eruptions (Kiueger and others, feis volume), this capability 
has only since late 1978. To allow <jiiantificatioa 

through use of the historic and geologic record, the volcanic 
explosivity mte (VEI) was developed by Newhaii and Self 
(1982). The VEI is l»sed primarily on volume of explosive 
products (called tephra, estimated or measured after the 
event) bat aJso mMs&s eruptiye-cioud height (available for 
many witnessed eiuf^iHi^) iscd more quaiitsaive indicators 
as necessary. In a maimer similar to the Richter scale, the 
VEI advances by single ijs^er^ each indicatiiig a volume 
increase of roughly 10 tirak©s over the previous nurtdser. We 
have incorporatoi tite VEI wherever possible with the 7,656 
dated ei^$t»>ss in our volcano database and ^nd feat, agsan 
like eaiUiqaakes, feere are many more small ones than large 
(Simkin and others, 1981; McCleliand and others, 1989). 
We estimate that, on fee aveiE^e, «n^os» wife VEI ^ 2 (at 
least 1 0* w? of tephra) take place somewhere on Eaife every 
few weeks. Those producing 10*^ m^ of t^hra (VEI S 3, 
such as Colombia's Ruiz eruption, which generated such 
fatal mudflows in 1985) take place several tmes per year. 
&U|ftions wife VEI > 5, such as Mount St. IMms, 1980 
(eruptions wife ^ iO' m^, or 1 km^, of tephra), occur perhaps 
once per decade, and feose such as Kradoteu, 1883 (VEI 6, 
car S 10 km^ of tephra), occur on fee order of once per cen- 
tury. Eruptions of special significance to this syrapo- 
sium— Redoubt, 1989; Gaiunggung, 1982; and Piaatubo, 
1991 — are currently rated at VEI 3, 4, and 6, respectively. 
Only one known historic event, Tambora, 1815, warrants a 
VEI 7 (> 100 km^ of tephra), and millennia may pass, on fe« 
average, b^eea eruptions of feis ms^tude. 
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The Tambora eruption led to 92,000 deaths, and its 
globally dispersed aerosol cloud acted as a filter to reduce 
incoming solar radiation at the Earth's surface. Cooling of 
the global climate resulted, and the following summer 
i8-c*^ JhfflMS s»Mvfid!s m >few Esgland and widespread 
crop feilores aroimd woiM. However, far l^er eruf^caoe 
are icnowa from ihe peWstoric recoid and wiB caase mor- 
mous devastation when they occur again. 

Of more immediately coaceia for air safey oasid- 
erations is the high frequency with which ash clouds reach 
altitudes u«sd by commercial aircraft. As a part of regular 
Smithsoaiaii rejKjrtiag of ^obal volcanic activity, we have 
tried to ftsric of jeported dotKi heights, and in compil- 
ing the first 10 years of ti^se r^oits (McClelland and others, 
1989) we tabula^ the date ^vm in figure 3. During the 
years 1975-85, more than 63 ash clouds are known to have 
penetrated the 8-13-km (27,000-43 ,000-ft) air-traffic range. 
At least nine ash clouds passed through the tropopause into 
iie stratosphere, where vdcaaie-pjxKtes are teadiiy dis- 
persed around the world. The fine particles that reach the 
upper atmosphere fail very slowly, assuring their presence as 
an air-traffic hazard for days after fteir initial eruption. Our 
1975-85 average of at least six ash clouds per year to air- 
traffic heights, plus the volcano distribution shown in figure 
1, giv^ soiae tn<ic^(»J of the od<fe for eiKomms wife 
conmerda! aircxafl 



ERUPTION DURATION 

The durations of individual eruptions, as most 
ofcer measures of volcanic activity discussed in this review, 
cover a very Iwoad range. Some, aicii as the 26 w? of lava 
erupted from an Icelandic geothermal borehole in 1977, last 
only a few minutes, whereas others, such as Stromboli's 
tong-nmBing nrartfe of Sykiiiy, corttisue for fliousaitds 
of years. However, she m^iaa duration of historicai en^ 



tions in the Smithsonian database is 7 weeks, and few erup- 
tions last longer than 3 years. Piikes of activity maA tet 
the shortest eraptkjns^ and the pm>xysm!A event may ame 
at any time fccm tfe« ftrs* ^ (as ocoirs in 45 petcenst d iM 




NUMBER OF CLOUDS: 1975-65 



Fi^re 3. Vdbauo-cto^ aitifiaks, 1975-«5, QsmiMve &e- 

quency of maximum cloud heigte f<ac each «n^tion Smng ft* 10- 
year period. Frequency is on a logarithmic scale, wife one cknid 
reaching 26 km, two clouds reaching at least 20 km, three c1o«kIs 
reaching at least 19 km, etc. Cloud heights include satellite and ra- 
dar me&arements, pilots' si^tii^s, and eaimates by groaad c*- 
scrvcrs. Some purely vapor clouds may be included in flue data set, 
although our intent was to count only ash clouds. Multiple pulses of 
activity in long-running eruptions (see discussion in text under 
"Eruption Duration") are not counted because so many of these 
^i$e$ psss osi^^rved— tt^k h^di^n wcwld gnatiiy iiK^rease tibe 
total mmt»rs. I^are fkm McCWlaiKi and others (1989). 
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enq>tions) to months or even years after the start of erup- 
tion. The dramatic event that first captured the attention of 
the airline commaaty in 1982, Bsc Moody's 13-minute 
glide over faKksaesia ia a poweiiess jtmibo jet, came a fiiil 
80 days afer aiiptive activity began Gaiunggung 
(although less than 2 hours after local resijfcrtfs saw tbi start 
of that parttctiiar eruptive pulse). The same vokauo aeaaiy 
brought dbwn anoAer airaafi: !9 days later and did not end 
its full eruption until 9 months after it began. This eruption 
sequ^ce attract virtually no international media attention 
ui^ die aircraft incidents, even though it was of a size (VEI 
4) lihat occurs only about once a year, ft had earlier caused 
evacaation of 75,000 people and the deaths of 27 by 
mudflows. Clcariy, attention must be paid by tiie airline 
commutiity to any eruption approaching fliis size, and inter- 
est must continue long after its start 

VOLCANO INFORMATION AND 
COMMUNICATION 

The airline community can stay abreast of current 
volcanic activity through the Smithsonian's Global Volcan- 
ism Network (see McClelland, this volume) and may con- 
tribute information to it as welt. The larger program, of 
wMch this network is a part, will also continue historical 
work on past eruptions and continue to provide the data nec- 
^aiy to place unobtrusive volcano s^bols on pilofe' 
maps. Good maps will allow volcanic belts to be recognized 
and indlvidud volcanoes i<tentified if active. All of us who 
set foot iB aiiplases are iuteiested in improving air safet>-, 
and we will do what we can to help. In order to improve 
understandiag of volcanoes — ^the fundamental element in 
voicarto preciction— €ie sdentiiRc ciommunity needs more 
information. We hope for more volcano news from "eyes in 
the sky" and will do our best to disseminate volcano reports 
as we have been ^ii^ for nearly a quarter century. Pilots can 



get information to us through the reporting form designed for 
the purpose (Fox, this volume). This information may be 
sfflit by td&pbcm (202-357-151 1) or fax (202-357-2476), 
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ABSTRACT 

Eraption columns inject laige masses of voicamc 
rapidly to levels in the atmosphere where commercial air- 
craft fly. An eruption column consists of three c^j^mimc 
regions: a basal gas-thrust region, a cenfrf bttoyant convec- 
tive region, and an upper umbre!la-cloud region where the 
column ^reads out at its level of neutral buoyancy. The 
height of an emption cdtimn is a strong function of the vol- 
umetric discharge rate of magma, which determines the flux 
of thermal energy into the atmosphere. Eruption columns 
can eiQier be generated at a point scarce or can be generated 
from a large region due to buoyant ascent of ash from pyro- 
clastic flows. Ascent velocities of volcanic columns are typ- 
ically 50 to 2(K) ml% resoltiiig in rapid iajecti<aj (« &e osdier 
of a few minutes) of large concentrations of ash at heights 
where aircraft fly. The mass loadings of ash in the umbrella 
T^ion can vary from 2,5©0 mg m"^ for a 7-km-high cdiann 
(23,000 K) to over 20,000 mg rtr=' for a 40-km-high ( 1 30,000 
ft) column, with a linear variation in between. These concen- 
trations are much higher than those known to czxm serious 
problems to aircraft and engine faiime. 

INTRODUCTION 

Explosive volcanic eruptions can form large plumes of 
tepiira or ash and awosols ftat penetrate to altifades 
«s.<»eding 7 km (23,000 ft), where the plumes pose hazards 
to aviation. The concentrations and grain-size distributions 
of a^ par&Ies are of particular significffljce to aviation 
safety because high ash concentrations (> 50 mg/m-') have 
caused engine failure (Dunn and Wade, this volume). This 
pa^r provides m s«xalysis of tfee fectors that conttd tie 
injection rate of ash into the atmosphere and the mass load- 
ing of ash that results. The paper is a companion to one by 
Boisilc and otim (tins volume), wbidt oonsidters the dis- 
persal and ^<fimentali<m of ash ftcm voicamc plumes and 



how concentration can be inferred ten setSmentological 

data. The general physical principles that govern the struc- 
ture and dynamic behavior of eraption columns are 
reviewed. We will also use available models to pr^ct &e 
mass concentrations and mass loading rates of the atmo- 
sphere for eruptions of different intensities. 

In ftis paper, tephra is used as a osliective term for all 
kinds of volcanic ejecta, including common terms such as 
ash, pumice, scoria, iithics, crystals, rock ferments, volca- 
nic ixHJii^, etc. From ti» p^rs^jedave of aviation safely, it is 
£ii^-^in^ t£f»hra (wlcanic ash) i^t is of interest 

ERUmON-COLUMN STRUCTURE 
AND DYNAMICS 

GENERAL FEATURES 

A volcanic eruption column may be conveniently 
divided into three dynamic regimes (Self and Walker, this 
volume) (fig. 1). At the base of the column, mixtures of 
tephra and gas are discharged into the atmosphere at high 
velocity. Eneigy for fee discharge is <krived Ixom decom- 
presaioa, iiberaticm of ^iseoES phases fem iie magma, and 
vaporization of meteoric water. Velocities are typically in 
the range of 100 to more than 500 m/s (Wilson, 1 976; Wilson 
and others, 1980). Explosive activity can vary from discrete 
explosions to continuous discharges. The lower part of the 
column is characterized by rapid decelerations as surround- 
ing still air is raitrained intx) the turtmlent flow. This can be 
modeled as a momentum jet and has been termed the gas- 
thrust region (Sparks and Wilson, 1976; Sparks, 1986). In 
many cases, the discharge pressure at tte vent is above atmo- 
spheric, and the flow rapidly expands as it adjusts to atmo- 
spheric pressure (Kieffer and Sturtevant, 1984; Woods, 
I98S). "rije flow m !Ms region is complex, often si^personk, 
aiKl msmm poorly undm&x^. Howe\%r, the ^-dinist 
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region is only a small fraction of the total column height, and 
the details of the dynamic behavior in this region have little 
influence on ash dispersal, with the important exception of 
collapsing columns, which will be discussed further below. 

For many eruptions, turbulent entrainment and heating 
of smTOQJKfi^ air <H0!ises coiamBt to becmie bmymt 
Typically, a few himdred meters to a few kilometers above 
the vent, buoyancy forces become ^Km&tmA and the column 
cm be legartoi as a plutne (Sj»riks, Woo<fe, 19^). 
The main part of the column is thus termed the convective 
r^ion (fig. 1), and the eueigy for axeia is a result of hot 
tephrate^genirmed^. Tvws^iiifiWBrtfeatees of vol- 
canic eruption coluniffiS iwed emphasis. First, high eruption 
columns derive their energy from the thennal energy of the 
t^hra, whidi is at least m order of ini^tu<fe lai^ flian the 
kinetic energy of the explosions. Second, the bulk density of 
tephra and gas emerging from the vent is aiways greater than 
tlffi sunouoding aftnosphere at one bar pressure so that buoy- 
ancy is entirely a c<ajse<pience of turbulent eittaiiHnent and 
heating of air. 

Voicanic phmi^ evesttaaMy reach a !evd in the density- 
^iied steespi^ where they become neutrally buoyant. 
Hie m(»n«ritum crftfae plume however causes them to ascend 
cottsideraMy fertfter— 4o a heig^ Hi. Hie doad tiien sab- 
sides and spreads out as a lateral gravity flow at the height of 
neutral buoyancy to form the umbrella cloud (fig. I). 



THEORETICAL MODEX^ 

Understanding of volcanic-plurae dymmics is now rea- 
mxibly good and is based m the. semsaal woifc of Morton 
ffiad others ( 1 956) on pfane ffaid dynamics. Wisoa and oth- 
ers ( 1 978) and Settle (1978) showed that the theoretical anal- 
ysis of plume ascent in a stratified otvironment could be 
adapted to volcanic ptomes, despite fteir enomious scale. 
They proposed that the column height, H. (in meters), was 
directly proportional to the volumetric discharge rate of 
magma, Q (in m^h). 

ff, = 8.2(gpjA7)"' (18) 

wh«e 

p is the magma density, 

s the heat capacity of the magma, and 

Af is the tKnperatare ^ffexmce between fee ma^a and 
the atmosphere at vent level. 
The constant of 8.2 in equation 1 is derived by taking Mor- 
ton and otJi«s' (1956) fliedreticd pesa!ts fcH" a standaid 
atmosphere with a temperature gradient of 6.5°C/km. 
Observations (fig. 2) show remarkably good agreement with 
eqt^ot) I (Wifejn and cohere, 1978; Sjwrics, 1986) despit® 
tbe many complexities that might be expected in a volcanic 
plume in comparison to the simple plume analysis of 




figfflw 1. Sdieraatic diagram of an eruption column showing three dynamic regions (after Sparks, 1986). Note the sid>stantial over^KX^ 
of t« cdtenm to height md spread of the lantBrclla cloud as a gravity current at the height of neu&al fauoymcy , Hg. 
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Morton and others (1956). Only eruptions with discharge 
rates of 500 mVs or greater can generate plumes with 
!k^^to<ac<:ee#sg's7.5'^k»:<25,#0O<ft) — th^e plames^ reach 
altitades sufficient to pose a hazard to intercontinental 
flights. However, smaller plumes may pose local hazards 
s^KHtid aiiports dmiag Jaadiag md takeoff. Typically, 
between six and 12 eruptions a year will form columns of 7 
km or more in altitude (Simkin, this volume). Most signifi- 
caatiy, eepation I allows a good rule of thumb for estim^- 
ing in: i:^ of mass loading of the atmosphere with volc^mc 
ash fma (xiksmrhe^t oi)s^n»^bM> 

Mote detailed miinerical mo<fels of voiismfc-pfame 

ascent have now been published (Wilson, 1976; Sparks and 
Wilson, 1982; Sparks, 1986; Woods, 1988; Woods and Bur- 
sflc, 1991). Woods and B«rsac (1991) have piesested fte 
Bjo^ comprehensive and internally consistent model of 
plame ascent, and the following discussion is largely based 

vean height is dependent on many variables. Atmospheric 
tetnporatore structure, grain-size distribution of the ejecta, 
vest ^^masmcm, cmeiK^i&om, discharge velocity, 
mj^nsa temperature, exit pressure, and atmospheric moisture 
amtmt can be shown to influence column height at a fixed 
&charge rate. However, these dependencies are rather 
weak, and the numerical results are sufficiently close to 
equation I for heights up to 45 km (1 50,000 ft) so that equa- 
tion 1 forms a very useful formula for interpreting column- 
height obsery^oas. Mdsed, tixe observations of heights aad 
discharge rates &cm historic emg^kxcis are simply not suffi- 
ciently accurate to i>e able to recogaize many of the si&iSs 
effects tlutt ate q^pai^t in the mmmaak resits. 
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Figure 2. Relationship of column height to volume en^tton rate 
fSMT sevfflsJ hi$t(»ic «k^<8is (after Wi&oB ai^ <!^ms, 1978; 



Eruption columns increase in width with height due to 
turbulent entrainment of air. The nmnerioai results of 

to 0.25, where b is the column radius and z is the height 
above the vent. The spreading rate is approximately constant 
over most of the column height. The rather few published 
observations (e.g.. Sparks and Wilson, 1976; Woods, 1988) 
show reasonable agreement with these results. Column 
vetedWes are high and are typically in the r^i^ of 50 to 
more than 200 m/s. Thus, eruption columns ascend to 
heights of 7 ion or more in only a few minutes, giving little 
opportui^ to warn aircraft at the beginning of an eruption. 
Broadly, ascent velocities increase with column height, 
reflecting the increase in intensity (i.e., discharge rate). 
From the point of view of tephra dispersal, the velocities in 
the convective region are far larger than the terminal veloci- 
ties of ail but the largest fragments so that almost ail the 
tephra is transported efficiently to the top of the cofami. 
Entrainment of surrounding air creates a significant iiiward 
flow toward the column. At the plume edge, the radial 
Biward velocities are approximately one-tenth of the ascent 
velocities (Turner, 1979; Spaiks, 1986) so tia^ iirflow 
^>eeds of 5 to 20 m/s are typical. Only clasts «Kceeding sev- 
eral centimeters in diameter can escape from fte plume mar- 
gins (see Bursik and others, 1992, for a more deteiled 
analysis). 

Ile^ietiqrf fm>dels (Woods, 1988) assutne a ^eady 

flow and seem to provide a good description of eruptions 
even if they are of short duration and manifestly unsteady. 
Exf Mve..mi|«i(m::o£:fee,S«»tiKere :de .St:,:"\Sm5e«t.:isb 191^ 
(Sparks and Wilson, 1982), Mount St. Helens in October 
1980 and Lascar Volcano, Chile, in February 1990, con- 
sisted of severed discsrete expl<»ions tJiat itKiged irtto 
plumes. In the case of Lascar, three explosions occurred in 
less than 4 minutes. Studies of photographs and movies of 
these miptions (%>aiks and Wilson, 1982, and tinpubltshed 
student dissertations at Bristol University) show that the 
motions and structure are well described by simple pluix^ 
th«)ry and tie model of Woods (1988). 

The umbrella cloud has an initial depth that is deter- 
mined principally by the excess momentum of the plume. 
TJ»oietical analyses aad experimesta! stadies (Morton and 
others, 1956; Turner, 1979) suggest that the height of neu- 
tral buoyancy, Hg, is related to column height, Hg, by Eg = 
0.7 Hf (fig. I). Here are iftiepflabfistei'dat!^^ tat (Aotvs- 
tions of plumes indicate that this is a useful approximation. 
Due to momentum, the cloud rises and cools and is there- 
fore sigmficarily detiser thmi its ssmtwudiiigs, due both to 
lower temperature and particle content. Consequently, the 
umbrella cloud spreads radially as a gravity current at a 
level Cimteted around tihe i;^^t of neutad ixioyaocy 
(^^ikS'3»dotfae£s,4$%). 
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CO-IGNIiMBRITE CLOUDS 

An important category of emption column is generated 
by a rather different mechaiEsism. Coirmoaiy, explosive 
©TBp^ojK generate pyroclastic flows <» mt&es aideitfes 
(glowing clouds). A pyroclastic flow is a fonn of gravity cur- 
reat that flows down the slopes of a volcano and is essen- 
tially m avatasK^ie of t^fara md gas. They can be foimed by 
a mechanism known as column collapse (Sparks and Wilson, 
1976). The explosively erupted mixture does not entrain 
enough air to become bitoyfflit md forms a collapsing foun- 
tain of tcphra and gas a few hundred meters to a few kilome- 
ters high, which feeds the pyroclastic flows. Flows can also 
be generated fay lateral blast, as at Mount St. Helens on May 
1 8, 1 980 (Hoblitt and others, 1981). The deposits from pyro- 
clastic flows are comsioaly teimed ignimbrites by geolo- 
gists, and iie associa^ cdtisms are tern co-ignanteite 
ciotids. 

Pyroclastic flows can generate high columns by a pro- 
cess iajown as iift-off (Spaite aswi crtiiears, 1986). As the flow 
moves away ft-om the volcano, UBxkg occurs with sarround- 
ing air, and partifcles arfe $ep(^^ TSb %ot. Mute cloud that 
is generated eventually becomes buoyant and lifts off the 
flow. In the case of the 1980 blast flow of Mount St. Helens, 
a giant cfotid 25 to 30 km (80,000 to 160,000 ft) high was 
gaierated over an area of 600 km- by lift-off (Sparks and 
others, 1986). The phenomena has been reproduced in labo- 
ratory experimentei (Carey and oiiers, 1988). Hieoretical 
models of the process treat the co-ignimbrite cloud as a 
steady plume (Woods and Wohletz, 1991). Enormous 
a3aK>aifc of ii»-gjaii^ .arfi.<»»be-iige(aied iato-lfee sti«©- 
sphere in a very short period (a few minutes) (Sparks and 
Walker, 1982). The huge plume generated by Pinatubo in the 
PWKjRAies oa Sm» 15, 1991, also hss fee futures of a co- 
igsimbiite dcmd. 

THE EFFECT OF WIND ON VOLCANIC 
FLUMES 

There is a great deal of engineering literstate on fee dis- 
tortion md dspteal of industrial plumes and fire plumes by 
wind (e.g., Briggs 1969). This literature, however, is of 
rsrite limited ase wift regard to the study of powerfti! volca- 
nic plumes with heights sufficiently great to emplace tephra 
either into the sfratosphere or to heights that are of concern 
to avisos. ReMcms of pfaffl« sfe^; iid^lrt, md wind 
velocity are empirical and have been developed for relatively 
weak plumes where ascent velocities are comparable to or 
less than wind vek>cM^. Evm a lO-to-M^ ootom is 
orders of magnitude more powerful than most industrial 
plumes and has ascent velocities that exceed typical jet- 
s*peas velocite (> 30 m/s). 

Carey and Sparks (1986) classified eruption columns 
into three types. First, weak plumes (typically much less than 
10 km ia hffl^) are distoited lyy tt« wind, and tibe eir!|>irical 



results of industrial studies on plume shape are appropriate. 
Second, intermediate plumes ascend with little distortion by 
the wind and then mushroom into the umbrella region and 
s^&id se»mewh^ iii>vraBd: before the wind influences the dis- 
f^ts^ Ae <^«L Ute 1980 Mosait St. Helens Plinian 
plume (16 to 18 km l^h, or Si^roximately 5$,W)0 ft) is a 
gosxl &mspU. Fii3ai!y, iwry powerful plumes <mt 
raiidly in all directions as a giant gravity current in tie 
umbrella region; the wind has very little influence in the ini- 
tial stages of these eruptions. The 1980 cloud of Mount St. 
Helens spread to 10 km lupwiad (Sparics and others, 1986) 
and expanded to about 100-km diameter before downwind 
dispersal became substantial. It took only 20 minutes to 
expand to !(K)-km diaaneter, anphasizing fte teeat that a 
high-intensity enq>tion in its initial stages poses to aircraft. 
The 1 99 1 Mount Pinatubo cloud is reported to have moved a 
jxma^s^h 100 km lipwind. B<^ of &e$e «»cainples of 
higUy ^o^^c {)lt»es weie co-igpaft^ d^g^ 

MASS LOADING MODELS 

The December 15, 1989, incident near Redoubt Vol- 
cano, Alaska, involving a Boeing 747-400, indicated that ash 
concentiations of 2,<K)© mg were eacoimteied (Diinn 
and Wade, this volume). The U.S. Military regard particle 
loadings of 50 rag/m~^ or more as potentially hazardous. We 
iteve, AerefOTe, isKed the dymmc models ^scalbed earlier 
to estimate typical concentrations of ash generated in the 
umbrella-cloud region. In the companion paper (Bursik and 
<Mm,. Ms. v<to9fce),.,w»...«>aadte &w ,l3tee-cM<»ft!^km- 
change as the ash is dispersed away from the volcano. 

The first concern is the particle-size distribution of the 
figecta. Reconstredicms of the total grain-size distribtrtioas m 
explosive eruptions (Sparks and <^ims, 1981; Woods and 
Bursik, 1991) indicate that typicaDy 70 percent of the ejecta 
is tihaa 2 mm. Th^foie, we restrict our discus5a<SB to 
considering the concentrations of the less-than-2-mm ash. 

However, such reconstructions axe limited by the po«f 
knowledge of the proportioss of very fine ash parades (< 10 
jim) generated in such eruptions. Because almost all tephra 
is transported into the umbrella cloud, the concentrations 
calculated here are not sensitive to size distributicms. How- 
ever, the size distribution mil have a i^i^ iAsme m 
subsequent dispersal. 

We have first calcalated mass loadfegs for cofemns 
from 9.8 to 40.5 km (32,000 to 1 33,000 ft) and have approx- 
imated the results of Woods (1988) together with equation 1 
to caiculaJ® tiie iteigitt of smtral buoyancy (Hs) and the 
upward flow rate at the top of the convective region (fig. 1) 
for an eruption temperature of 1,000°C. Figure 3 shows the 
calculated mass loadSngs as a faactson of colamnhdght A!! 
coiumBS ^seater. fliaa .7 km high (23,000 ft) generate mass 
loadm^ &at aa® at least two orders of magnitude higher than 
the U.S. Military threshold of 50 mg m'^, md all exces^i ihe 
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region of en^tion cohmois are plot^ as a finK^on erf' coltmm 
hmght. usisg eqcestot 1 (see text) u m ^ii^jam^m. 

2,000 mg value associated with the December 15, 1989, 
Redoubt iacideat. Mass loading incre^es with cdumn 
heigM becaase the increase in mass discharge rate hs& a 
gieater i^l^ace than the decrease of atmospheric density ia 
highjercotomiB. 

We have further examined the variation of mass load- 
ings with temperature and eruptive style using the numerical 
c<Hi!|>uter code developed by Woods (1988). Calculaticms 
have been made for a steady, maintained eruption column 
and for release of a volcanic thermal (an instantaneous 
irelease of buoyant fluid), as might ha|3pen -wbrn a co-%nim- 
brite cloud lifts off at temperatures of I,200*K, 1 ,000°K, and 
800°K. These more detailed numerical calculations yield 
ccmceatratioBS ia geaml agreement wife the simpler 
Jfproacli, bat some interesting details are revealed. As emp- 
ticsi Umpe&ifm decreases, the mass loading increases for a 
given coiusam height (fig. AA), slKiwing that a wide range of 
loading caii occur — aisy ash-dis^jeisal model should use fee 
msxkmsm mass ioadjag ccmditicm to piredlct a wois* case 
scenario (Harris, this volume). One other interesting feature 
of fi^e 4A is &at the mass loading mcreas^ r^idly as col- 
mm height increase for plumes feat penetrate fee tropo- 
pause, located at about 11 km in the present model 
calculations. This is because the overshoot distance above 
ti» i^tral IweyMKjy fedgfat is reduced by the ncmh stioi^er 
stratilic^<m above the tropopause, and, hence, the material 
is sot as dilute when the column comes to rest. 

Figure 4B presents similar calculations for a discrete 
volcanic thermal using the model of Woods and Kienle (in 
press). The mass loadings in volcanic feermals are similar to 
tlK3se in maintained plumes and vary wife hel^t sa fee same 
maamer. The loadings are a little larger for a given columa 
fedgte and temperature because large feermals do not entrain 
air as efficiently as s^suly plumes. 
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l%iire 4. Mass loadings of tephra as a function of column height 
for tt&«e (Afferent enq^cm tomp^atut^ ms% f!ie numerkal model 

of Woods (1988) for an atmosphere with the tropopause at an alti- 
tude of 11 km. A, maintained eruption columns. B, volcanic 
tibmnais. 



CONCLUSIONS 

Explosive volcanic emptions are asffideseay powerful 
to inject large amounts of ash into the stratosphere. The 
injection height is determined by magma dischai^e rate and 
can be s^proximately estimated jB?om equation I. Bcplosive 
emptions typically generate a large proportion of particles 
less fean 2 mm in diameter, which are efficiently transported 
to tbe tqp Tgast of adamn knowB as ml^dlla d<»id. 
Typical mass loadings vary from 3,000 to over 20,000 mg 
m"^ for columns in fee height range of > 7 to 40 km (23,000 
to 130,000 fi). 

From the perspective of aviation safety the following 
points emerge: 

1. The mass loadings greatly exceed fee safety femh- 
olds and values of concentration that cause engine 
failure. It is feerefore necessary to establish how fee 
ma^ concentraticms change as fete plume is 
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dispersed — this problem is addressed in the compan- 
ion paper (Bursik and others, this volume). 

2. Masy ereptioas iisvolve feiify st^dy (£s(^!^ of 
tephra over many hours or even days from {xsnt 
sources. Such eruptions can be monitore4 aad ar- 
craft can h0 otga^xxsd so as to av<»d tiie |tei«s. 
However, shorter lived explosions and high-intensity 
eruptions can inject laige masses of ash into the 
steiloq)liei» Hi aweral mima®s — once in the str^so- 
sphere, they cm be dispersed rapidly by jet-stocm 
winds. 

3. Co-ignimlaite clootfe pose a particularly diffwalt 
threat because they are generated from large areas 
rather than point sources and are formed very rapidly. 
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ABSTRACT 

Volcanic ash from eastern Aleatian volcanoes (typical 
of circum-Pacific volcanoes) is composed of lityolitic (sil- 
ica-rich) glass, minerals (feldspars, pyroxene, hornblende 
mi Fe-Ti oxides), aad rock fragments. Melting tempera- 
tares of Ae glasses, estansaed fkm liquidus phase fekdons 
in the system Si02-KAISi308-NaAlSi30g, rangsxl fiwd 
i,000°C to i,300°C, wh^^as ininmis begin melting at 
aixynt 1,100*C. 

Volcanic ash that is ingested into operating turbofan 
engines will partially meit (i.e., all of the glass and some of 
the mirffiraJs). Tfe muMm adi is 1is«i deposited on high- 
temperature parts of t!w tetsa©— #as csm resedt in oatgine 
shutdown. 

Rofacticas of engine operating conditions to idle set- 
tings lowers the engine temperatures below the melting point 
of volcanic glass (below i,OOOX), thus preventing the melt- 
ing of inge^d volcanic ash. Howew, at idle catidiWons, 
engines still operate at temperatures in excess of the glass 
toansidon temperature (700°-860°C), and annealing of glass 
partides to hotpats of die :«iiil»Be,may sMM &:^iMem. 

INTHODUCTIOiNi 

VoJcanic a:^ is a wide^read piodact of'm^im of 
volcaiiq^ liiat are located around rim of the Pacific Ocean. 
Asii is formed by explosive fragmentation and quenching of 
magma (crystals + melt -f gas) during an emptlon. IvfeK ijiise 
magma is quenched to a glass when the temperature is rap- 
i<fly lowered upon exposure to atmospheric conditions. The 
explosive character of these volcanoes is caused by i&e sM- 
kst-u<M,jtxm%^yvM^^ cpntains dissolv^; ^?oiatiJe .qcm- 
pmmts, sach as H2O or SO2. Crystallizatioa of numeral 
phases (e.g., plagioclase, pyroxene, hornblende, Fe-Ti 
oxides, etc.) gradaally enriches non-crystallizing compo- 
nent m a» meit In tbs case of comiranenfe Bee silica or 
sodium, ^mt coac«sifcr^ns in the crystallizing phases are 
low relative to tibeir coacentration in the melt, resulting in 
their overafl aaicteReat Mfc lava WJUfKjsitfoiis Irora these 
volcanoes range from basalt to dacite (lavas generally 
contain from 48 to 70 weight percent SiOi), and the melt 
j&action betw^ miii^ral grains is and^lNic to riiyoliiic 
(5S-78 wfiagjtf pssmrt ^0^. Tl^ gja^y fias^CBMte m 



volcanic ash are the non-crystalline part of the magma and, 
hence, have fte lowest crystaillzaJios tenperatare. Con- 
versely, the glass also has the lowest melting temperature. 
When volcanic ash is ingested into opeiatiag jet aircraft 
engines, it is the glass particles that will melt first As aircraft 
engine operating temperatures are lowered in an effort to 
reduce the ash fusion within the engine (Campbell, this vol- 
lane; C&^v^l aSaem, 1991 ; Przedpel^ and Casade- 
vall, this volume), it is the melting temperature of glass 
particles that will determine the operating temperatures 
below which the ash will not melt in the eagiae. The purpcsse 
of this paper is to review the compositions of glasses found 
in volcanic ashes from typical circum-Pacific volcanoes and 
to estimate their tii^ttngt^peratures by comparison to pub- 
lished phase diagrams avmlable in the geological and engi- 
n^ng literature. We report here on the melting properties 
of the more common silica-rich glasses. Mafic (andesitic) 
glass, similar to th^ ewpted in the 1992 empdon of Mt 
Sprar (Alaska), is cimratly tinder study and will be fte sh- 
ject of a future report. Alaskan volcanoes in the eastern Aleu- 
tian arc were selected for study because of their recent 
activity and potential hazard to aircraft safety (Steenfelilc, 
1990; Przedpciski and Casadeva'I, this volume; Kienle, this 
volume). Several Alaskan volcanoes in the eastern Aleutian 
arc (^ft) M-v» pt&iced wid^iread vdksmc-z^ ^sposits 
ttat tev« txms&i :S<8ifc-c«traI Alaska. Ash may be pfo- 
dsced m :^)it-iived, large ©reptions (Novarapte in 1912, 
Spun- in 1953 and 1992) or in a series of intermittent, small 
emptions (Redoubt Volcano, 1989-90). Jet aircraft encoim- 
ters with ash have been recorded from eruptions of August- 
ine in 1976 and RedatM in 1989 (Steeablik, 1990; 
OisadevaU, 1991; Kitenle, ftis vdfcaiKs). 

METHODS OF STUDY 

AU of the glass saatipte used in this study were 
obteined ftom volramc aSh -dlqpos!^ fewi s<»fe-c««3Eal 
Alaska. The White River ash and the ash from Hayes 
Volcano are voluminous prehistoric ashes that covered 
south-central Alaska (RieMe, 1985; Westgate, 1990; Beget 
and others, 1991). Novarupta, which erupted in 1912, is the 
largest historic Alaskan eruption and spread ash throughout 
southern Ala^ (Griggs, 1922; Hildi^ 1987). Asb frana 
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Aleutian arc, was collected from prehistoric deposits on 
Aagastine Island that span approximately 2,700 years of 
eruptive history (Swanson and Kienle, 1986; Beget and 
Kicnle, 1992). Ash from Redoubt Volcano is represented by 
samples from tfw 1989-90 eruption. Together, ftis suite of 
samples provides a representative collection of the ashes that 
is to be expected from eruptions of these Alaskan volcanoes. 



ANALYTICAL TECHNIQUES 

Glass from these ash samples was analyzed with a 
Cameca MBX electron microprobe at Washington State 
itajversity using a !5-kV electron beam and a sample cur- 
rent of 13.5 nA. A beam spot diameter of 8 ,u,m was used, 
and the counting time was 10 seconds. The glass analyses 
arc reported as oxides and are normalized to 100 percent 
Actual totals ranged from 98 to 100 percent, depending on 
the degree of hydration (water in the glass.) Well-character- 
ized natural glasses were used as standards (KC! was itsed 
for Ci measurements). 



RESULTS 

When compared with lavas, glass particles (shards of 
quenched melt) in the volcanic ash from Alaskan volcanoes 
are much richer in silica as a consequence of ctystellization 
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Figure 2. Silica contents of lavas (bulk samples) and glass parti- 
cles (shards) in volcanic ashes from A, Redoubt and B, Augustine 
Volcanoes. The numbers of analyses of lavas and glasses &om each 
volcano m in ^ess of SO wd im& hem msmaliz^d to 1 (K) percent 
for comparison. Volcanic glass k ocmsistently higher in silica than 
the whole-rock lavas. Glass analyses are from unpublished data in 
the authors' files (representative analyses given in tabic 1). Lava 
compositions for Augustine Volcano are from Kienle and others 
(1983) and I>aiey (i98Q; cc8np<K!itioi5s for Redoubt Voi<ano are 
from Mye zai o*m (m press) m& Swanson and a&iets (in pse^). 



to fom pii«£«:ryst minerals before eruption. For «(am]^e, 
lavas from Redoubt Volcano have basaltic and andesitic btdk 

compositions (50-64 weight percent SiOa, fig. 2), whereas 
the glass in the volcanic ash from the 1989-90 eruption of 
Red<»ibt rang<s fk>m 69 to 78 weight percent Si02 (fig. 2). 
Similar relations are d«3wn for Augustine Volcano (fig. 2), 
but the Augu^ne ^a^s show a more restricted range of 
c(8i^x^<ms {75-7S weight percert Si02). 

Repr^mtallve glass compositioas Jffe shown in table 1 
both as weight percent oxide and as normative minerals. The 
normative composition is the rock analysis recalculated to a 
set of standard anhydrous normative minerals. For silica-rich 
volcanic rocks or glasses, the abundant normative minerals 
are quartz (Q), albite (Ab), and orthoclasc (Or), with lesser 
amounts of anorthite (An), conaMbm (C), hypersthene (Hy), 
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Figure 3. Normative compositions (in tenns of albite, Ab; ordio- 
c'.ase. Or; and quartz, Q — see text for explanation) of glasses from 
the White River ash, the 1912 eruption of Novampta, and eruptions 
of Mt Hayes and Amgmtme airf Redd*! Vdcmioes. Tim Retoirt 
data are for glasses from the 1 989-90 craption. White River, Augus- 
tine, and Hayes data are from prehistoric ashes. Mt. Hayes data are 
from Beget and others (1991); c^ket data are &<Hn ti» awhore' 
impublished files. 

hematite (Hm), sphcnc (Tn), and rutile (Ru). The recalcula- 
tion of the oxide compon^ts icto tiorraafcive minerals 
facilitates comparison of glass compositions to experimCTital 
laboratory results on melting temperatures of rocks. 

Giass ccHupositioas dispkyed on triaoagrfar variation 
diagrams, with normative components as the variables, clus- 
ter into fields for each suite of glasses (fig. 3). Glasses from 
single, short-lived eitjptioas (e.g., White River ash and 
Novanipta) cluster in small fields, whereas glasses from 
multiple eruptions (Augustine and Hayes) define sli^Hy 
laiger fields. Tte 1989-90 Red)ubt glasses form a range of 
compositions related to the mixing of two different magmas 
(with different compositions of meit quenched to glass) in 
&e early 03ecembex 1989) stages of the enqjtioa (Swaas<ai 
and otbe^ i@ p^^). 

MELTING RELATIONS OF GLASSES 

Liquidus phase relati<»js (tempoatores required to 
completely melt a solid) at a pressure of 1 bar in the system 
SiOj (quartz, Q)-KAlSi30s (orthociase, Ory-NaAlSisOg 
(albite, Ab) arc shown in figure 4. This system is well 
known to geologists as the "granite system" because of its 
use in dmaiWng tihe melting and crystallizaticm behavior of 
granitic rocks. The triangular composition diagram is 
divided into primary phase fields by boundary curves. Iso- 
dioms Oigte- solid li&es that repmoit eonstaatt 



temperature) describe the melting temperatures for any 
solid that contains the normative minerals quartz, ortho- 
da^, and aiWte 4). The boimdary curve between Ihe 
primary phase fields of the Si02 polymorphs cristobalite 
(Cr) and tridymite (Tr), and alkali feldspar (Af) has a tem- 
perature nrinantim (m, %. 4) at %0*C. For my comteia- 
tion of these three normative minerals (quartz-orthoclase- 
albite), melting at I bar will initially start at 960X, and the 
coBcposition of fte first melt will correspond to m (fig. 4). 
The incongruent melting of K-feldspar (Or) at low pressure 
is represented by the boundary curve between alkali feld- 
spar (Af) and leucite (Lc) phase fields (fig. 4). The small 
(10-20 bar) pressure increase within operating turbofan 
engmes does little to change the 1 bar melting relations of 
igi»e4. 

In addition to &e aiMte (Ab), orthociase (Or), and 
quartz (Q) components, the volcanic glasses contain appre- 
ciable normative anorthite (An) (table 1). Addition of the 
anorthite conqson^t raises ateltij^ temperatures relative 
to the anorthite-free albite-orthoclasc-quartz compositions; 
however, the magnitude of this effect is difficult to predict, 
especi^ly for this systo! without wjBter. Experiments done 
on ingestion of dust containing appreciable anorthite compo- 
nent along with albite, orthociase, and quartz mto operating 
jet oipQ^ Bxtd that ash b^;ins to melt at tonpo^stores of 
about I,000°C (Kim and others, 1992). These results are in 
good agreement with the predictions from figure 4, where 




figure 4. Liquidus phase diagram for the ^stem Ab-Or-Q at one 
bar pressure, modified from Sdmirer {1950). Heavy lines are 

boundary curves with arrows indicating the direction to lower tem- 
peratore. Primary phase fields arc shovra for cristobalite (Cr), 
tridymite (Tr), alkali feldspar (Af), and leucitc (Lc). Symbol m, in- 
dicates temperature minimum on boundary curve between cristo- 
baiite/tiidymite aad aBcaii feld^. See tesct fQr&ma ea(^Sma&xci. 
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the beginning of melting for anorthite-frce compositions 
occurs at 960°C. Thus, the effect of anorthite on melting 
F^atioiis »dH mi is proltaMy m ^ <«ictor l^s 
fean 50°C. Melting of any volcanic glass that contains nor- 
mative quartz, orthoclase, and albite can be modeled in the 
system albitc-orthoclase-quartz, as illustrated for the glasses 
in this study on figure 5. Augustine glasses plot between the 
I,200°C and 1,300°C isotherms; the glasses from the Hayes 
Volcano and Novarupta plot between the I,IOO°C and 
1,200°C is<Aerms; and White River glasses plot near tbe 
1,100°C isotherm (fig. 5). 

The large field of Redoubt glass compositions (fig. 5) is 
cms^ by variation in composition of glass shards erupted 
daring December 1989 (table 1) and gives a melting range of 
I,000°-!,200°C. These glasses (with the hig^r silioL con- 
tents — 77 to 78 weight percent SiOj) were erupted from 
December 1989 to April 1990; they melt at temperatures of 
1,I00°C to l,200''C. Lower silica glasses (68 to 73 weight 
percent SiOa) were only erupted during December 1989 and 
melt at lower temperatures: 1 ,000*0 to 1 , 1 OO'C. 

Maximum-cruise operating temperatures of high perfor- 
mance turbofan engines cwreatly used on long-range com- 
mercial aircraft (747'-460, DC- 10, ete.) are on the order of 
1,400''C (E.E. Campbell, Boeing Co., oral commun., 1991; 
Kim and others, 1992). Most of the compositions in the sys- 
tem alMte-or&oclase-<juaitz a!« aiK)ve M<|uldus temfwrjrtures 
at 1 ,400*C (fig. 4) — this includes all the volcanic glasses 
modeled in this study (fig. 5). Indeed, some of the minerals 
found in the volcanic ash (e.g., sodic plagioclase) will also 
melt at i,400X. Ir^e^on of volcanic ash by turbofan 
engines d^x^rs^ gfjs^ lie to fee i^rSclK (s 7 jira; 

Si02<Q) 




'.i — ^ ^/! r z> ' ^ — — ^ 

NaAISisOg {Ab5 KAlSijOg (Or) 



Figure 5. Composition fields of volcanic glasses (fig. 3) on liqai- 
das Ab-Or-Q phase diagram at ! bar pressure showing isotherms that 
defee melting temperatures for various glasses. A, Ai^ustine; N, 
Novanai^ H, Hay«; WR, White Rivor; R, RedcHilM 
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Figure 6. Melting relatiotis of plagioclase (An-Ab), pyroxene 
(Di-En), and volcanic glasses (from f:g. 5) a*. 1 bar pressure. Dashed 
lines represent the ajiproximate operating temperatures of t^ical 
hi^-p^lbrmance ttalx^an eepe»s at idle md maxiraQm-cnuse 
conditions. 

Casadevall and others, !991) and, in the process, erodes the 
tips of the compressor airfoils (Przedpelski and Casadevall, 
this volume). This combination of small ash particle size and 
the high operating temperatures of the engine ensures that 
much of the volcanic ash will melt upon ingestion into an 
operating engine and be deposited on the tebine (specifically 
on the high-pressure mzde fui<k vanes). 

A reduction of engine tfarast to idle has been recom- 
mended if a jet aircraft ©mxsJMtens voicaaic ash is the air 
(Campbell, this votame; Prze(%>elsl3 and Casadevall, Ms 
volume). Turbofan engines operating at idle run at about 
600°C, considerably below the melting temperatures of all 
volcanic glass (fig. 6). Cooling of tebofen engines fitsn 
ncsmal operating temperatures (1,400°C) to idle tempera- 
twes is admost instantaneous. Volcanic ash will not melt 
wlhen ingested into the engines at idle conditions (600*C). In 
addition, the rapid cooling from operating conditions to idle 
thrust setting induces a thermal shock related to the differen- 
tial thermal expansion of tlje moften glass and the engine- 
metal substrate iiat cm reiBKJve much of tlie previoiisly 
i»$lted gjass Hkstt was d^odted in tibe engine. 



CONCLUSIONS 

Ingestion of volcanic ash by high performance turbofan 
engines at operattng conditions melts glass shards and some 

of the minerals that make up the ash (fig. 6). Volcanic glass 
compositions can show Vtdde variations and still be melted 
upon ingestion into the engine because of high engine oper- 
ating temperatures. Operating temperatures must be lowered 
below the lowest melting temperature (= 1 ,000°C for glass, 
fig. 6) to prevent melting of ingested volcanic ash. Reduc- 
tion of engine operating conditions to idle settings (= 600°C) 
will prevent melting of ingested vol<amc ash. 
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RECOMMENDATIONS 

Indostiy recommendations involving aircraft encotm- 
ters with aiiborae voicaaic ash Q^loyd, 19%; Csaapbell, this 

volume; Przedpelski and Casadevall, this volume; AIA, 
1991) emphasize the need to exit the ash as quickly as possi- 
ble and to reduce esi^e thrast to idle. Reduction of &igim 
operating temperatures will prevent the melting of volcanic 
ash (including glass) ingested into the engines. Dynamic 
experiments done on ingestion of dust into operating engines 
(e.g,, Kim md oim&, 1992; Duan aad Wade, &is voliane) 
should be done with volcanic ash (including an abtindance of 
glass) at engine-idle temperatures. The question to be 
answered is whether glass particles can anneal and flow as a 
supercooled liquid ^ve fee glass trjaisfoimation tempera- 
ture (Tg), the temperature between lower temperature glass 
and higher temperature supercooled liquid (Carmichael and 
oflieis, 1974). For most silicate glasses, Tg is about 0.66 of 
the melting temperature (Carmichael and others, 1974). 
Volcanic glasses in this study thus have glass transformation 
tempef^rss of about 700°-860°C. Will these volcanic 
glasses anneal at eagsne-idie ccaditioas and adhere to &e 
hotter parts of engine? Piobably not. The glass transfor- 
mation temperatures are close to the idle operating tempera- 
tures (= 600''C), and the transit time of the ash through the 
engine is short. M.G. Dam does not believe that glass 
annealing will occur (CALSPAN, oral commun., 199 i) and 
does not find an adhesion of ash below 1 ,000*C in his exper- 
iments (jKim md oSms, 19^; Daun aatd Wwde, Ms vol- 
ume). However, such ash-ingestion experiments should be 
tried at engine-idle conditions with a volcanic ash rich in 
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ABSTRACT 

Existing models for volcanic eraption plumes arc suc- 
cessful in predicting sizes and growth rates, and the dispersal 
characteristics of the resulting fall deposits given an estimate 
of fee magma-oa^Bt rate. These models work well for "dry" 
eruptions, where the gases involved were originally dis- 
solved in magma. The models predict that, in "wet" activity 
where abundairt extemai water nsixes with the m^ma ctoring 
enqjtios aad Hashes tc* stfe^, fee emption plurti^ sKbuM^bfe 
lower and resulting fall deposits less widely dispersed for 
a givas magma-output rate. However, parts of fee Ml depos- 
its from tile very large, wet, 22,500-year-oM Oraami erup- 
tion (New Zealand) show the opposite behavior and 
represent fee most powerfully dispersed fall deposits yet 
documented. These <feta imply ^ist available erupiati-col- 
umn models, developed for dry ©raptions, break down at 
some stage in wet eruptions, but the relative proportions of 
magma to water asd fee m^ma vohmes aad oa*piit :rates at 
which this breakdown occurs are unknown. Thus, predic- 
tions of the sizes and growfe rates of large, wet eruption 
plumes and evahi^on of fee feies^ feejr p^se to aviation are 
not pos^ble at p»»eat. 

INTRODUCTION 

Several theoreticai models are sow available for imder- 
stasiiMng the dyaamte^ voteiic emption coIbbjbs. ISey 
are valuable tools for <|ua0tifyiag fee sizes, growfe rates of, 
aad particle coacaitratioas in observed and prdW^ric ash 
pktmes, given simple field data or estimates of starting con- 
ditions. As such, these models have great potential for real- 
time monitoring of eruption plumes and evaluating fee risks 
posed to aircra^ (Macedomo aad ofeers, feis volume). 

To date, these models have been developed from and 
mostly applied to observed and prehistoric volcanic erup- 
tions feat wepe essentially diy; feat is, fee only gases 
involved were those originally dissolved in the magma (typ- 
ically <, 6 weight percent). However, many cases are known 
wiaie mixing of fee hot magma wife aii abundant supply of 
exissmzi .w^r (e.g^ lakes, .rivers, glacier itx, seawater. 



ground water) occurred during fee eruption (e.g., Fisher and 
Schminckc, 1984; Heiken, feis volume). In such 

phj-eatomagm.atic or wet activity, fee magma is chilled and 
fragmented while fee water flashes to steam wife accompa- 
nying explosicais. No large-scale examples of this activity 
have been quantitatively observed, but deposits from such 
eruptions are common in the geological records of many 
TOlc^oes. 

Large, wet eruptions pres«^: seviKfehp^fcas fe.fee 
aviation indu^. Tlie en.5>tioffls m&y produce piod%ioiis 
amoimts of finely diviffed material, and fee dynamics of and 
settling of ash from fee resulting eruption plumes are poorly 
understood. This paper uses data from one of fee lai^est 
known, prehistoric, wet eraptions, fee 22,500-year-old (^'*C 
years) Omanui eruption in New Zealand, to show that, at this 
extrrane of scale, (1) such eruptions can cause extremely 
wide dispersal of ash, (2) available eruption-coiamn models 
cannot be applied to this style of activity, and (3) other fac- 
tors need to be taken into account before a model for large, 
wet emfAm jikmss cm be dewi^ped and a qu^&ative 
assessRUffit made of hazards to avi^on. 



MOaa^TOR EItUPTK>l^ COLUMNS 

Available models (e.g., Wilson, 1976; Wilson and oth- 
ers, 1978; Sparks, 1986; Woods, 1988) assume that the 
empted mixture- of pyioclasts (magma fragments) and gas is 
ejeded fiom the vent as a dense, highly tuibulentjet contain- 
ing a laage of particle sizes fiom sub-mioroa dust to meter? 
scale blocks. This jet mixes wife fee atmosphere; heat is 
transferred from the hot ash particles to cold air; large, dense 
blocks detach from fee jet; and the jet decelerates rapidly 
ferough work against gravity and ftiction wMj fee atmo- 
sphere. The jet always starts out denser than fee atmosphere, 
but, feereafter, two modes of behavior are possible aad can 
sometimes cxxmt samtiltaneoasly. If the jet can mix wife and 
heat encHj^ cold air, it can expand to become a buoyant ther- 
mal plume and fomi a high eruption column (e.g., Self and 
WaH»r, feis volume; Sparks and ofeers, fek vol*»e). The 
cduma will rise to -fee IeveiiiAe :,at»<^)te».wtee.it is 
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BO^c^y {Hioyant and then spread laterally to form an 
"OEnbcelk cloud" (Sparks, 1986). Particles released from the 
cdoiiat or umbrella cloud fall back to the lasd surface to pro- 
duce pyroclastic fall deposits. On the other hand, if the erup- 
tion rate of material is too large, or the jet does not mix 
dOfectively wiii enough air to reduce its density, then once its 
upward momentum has been lost, the jet will not be buoyant 
and will collapse back on itself to generate a ground-hugging 
current of pyroclastic d^sis. As this current mofv^ k wll 
deposit matffirsal to fom pyroclastic flow (dense current) or 
Kirge (dilute current) d^josits. 

For buoyant thermal plumes, the final heights reached 
are considered to be proportional to the thermal flux; that is, 
the height reached by the eruption column is, in essence, pro- 
portiosai to tiie magma-eruption rate because it is the ther- 
mal energy in tiae pyroclasts (magma ftagments) that drives 
the column. MoMs are avaM)!e (e.g., Cai^ and Sparks, 
1986; Wilson and Walker, 1987; Pyle, 1989; Bursik and oth- 
ers, 1992) lijat relate lite gisin^'Size dtesctoristics of fell 
<feposits to tfie height of Hieir parental erupticHi column and 
the inferred thermal (i.e., magma) discharge rate. Such mod- 
els are extremely valuable becas^e they allow iB to invert 
fieM data from &e geological record to reconsmsct the 
dynamics of prehistoric eruptions. These models are also 
potentially valuable tools for atmospheric modelers and the 
aviation in<testry to give plaasiMe estimates of how rapidly 
and high an eruption column will rise, how rapidly it will 
ejqjand laterally, and what the ash concentration in a plume 
will be pvm some smple infcmsation or «timates of start- 
ing ambitions. 

Bbwever, these models make the key assumption that 
al! the ttiennal energy is present as soisible heat, flie transfer 
of which causes the temperature of the material to change. 
In many volcanic eruptions, both observed (such as Surt- 
sey — ^ThorarinssoR and others, 1964 — &M Taal — ^Moore 
others, 1966) and prehistoric, this assumption is cleariy 
qpestioaable becau^ there is evidence for the interaction 
between m«^a mi. an abradant extemd supply of water 
around and below the vent area. In such wet eruptions, part 
of the sensible heat from the magma is used to heat and boil 
water, reducing the tempen^snre of fihe mipted jet and stor- 
ing energy as latent heat that is taken up or released during a 
phase change at constant temperature, la existing eruption- 
column models, a reduction in temperature is pre^cted to 
reduce the height of any buoyant thermal plume, and the 
resulting fall deposits should thus be less widely dispersed 
than those of a dry plume with the same magma-oi^ut rate. 
The extreme limit of wet plume behavior is a conventional 
water-vapor cloud system. Although the total thermal bud- 
get of conventional cloud systems may be enormous, they 
are enable to penetrate the tropqjaase, except by minor 
overshooting. In contrast, dry volcanic eruption plumes may 
pea^rate the tropopause and reach heights of 30-50 km. 
New studies (Glaze and others, 1991) have suggested that 
latent heat release from condensing water in the air ingested 



into and carried up with the plume may boost the heights 
reached by snail tropospheric plumes. However, &e 
3iao«e»t of hem im trnde availal>ie is Kinited by the 

amount of water available in tie ateiosphere, and, in erup- 
tions such as that considered hem, tbis amount of latent heat 
will be dwarfed by the thermal e£fe<^ «f hsgesa^ iateac- 

tion between the plume and surface water. In this paper, I 
use data from parts of the fall deposit generated during the 
very large, wet Omanui eraption, New Zealand (Self and 
Sparks, 1978; Self, 1983; Wilson, 1991) to show that mod- 
els developed for dry eruption plumes break down when 
ap^ied to wet erapti«BS. 

THE OEUANUI ERUPTION 

The Oraanui eruption occurred 22,500 years ago (^'^C 
years) at Taupo Volcano in the central North Island of New 
Zealand. It produced (fig. 1) a widespread and voluminous 
(> 500-km^ bulk volume) fall deposit from a buoyant ther- 
mal plume before, during, and after pyroclastic flow activ- 
ity tfert §mm^ a ^©-fes' \/«l!mie>praaceot^ fitew 
deposit (ignimbrite) (Wilson, 1991; C.J.N. Wilson, unpub. 
data). The ignimbrite is nowhere welded (a process in 
which particles in tl» d^sit ate hot (^ 570°C) to 

stick together — comjracrabls to abtmiig processes in pow- 
der metallurgy), even where the ignimbrite is > 2^ m 
thick. This evidence, together with estimates of emplace- 
ment temperatures from paleomagnetic techniques (E.A. 
McClelland, Cambridge University, and C.J.N. Wilson, 
unpub. data) and my observations of the limited amount of 
charring of vegetation overrun by the pyroclastic flows, 
imply tfsrt none of the flows were «ta{daced art tempeniurcs 
of more than 300°-400°C. The cooling from the magma 
temperature of about 800°C (Dunbar and others, 1989) is 
inferred to have been caused by mixing of the eruption 
plume with water from a proto-Lake Taupo (Self and 
Sparks, 1978; Self, 1983). If equilibrium between the water 
and fragmented magma is assumed, and the whole of the 
eraption jet sisared the maximum 300°-400°C temperature 
range, then. at, least J,Q0-15O, hm^ of vrater was evapoiated 
during the eruption. The Oruanui fall deposit is generally 
fine grained and contains evidence that much of it was 
flushed out of the atmosphere by water as mud, rain, or 
hail. Both the fall deposits and ignimbrite indicate that the 
wet Oruanui eruption column was distinctly cooler 
(because of magma-water interaction) than the typical dry 
eruption cdumas that have been modeled and, hence, 
shoaM teve beeti tovw m4, by implication, weaker. 

ORUANUI FALL DEPOSIT: BEDS A AND B 

The Oraamii fell dqx>S!t contains several layers or beds 
that are distinctive and can be correlated for distances of tens 
to hundreds of kilometers. Two of them, informally labeled 
beds A and B (fig. 2), are particulariy widespread and are 
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Figure 1. A, Schematic diagram showing the stratigraphic relationships of the fall deposit and ignimbrite generated during the Oruanui 
eruption. B, Map of isopachs (contours of thickness) of the Oruanui fall deposit. The thickness values represent those inferred to have been 
present immediately after the eruption; most of the deposit has since been removed by erosion. The source vent is now concealed beneath 
Lake Taupo, which infills the collapse caldera left behind after this eruption. C Map showing the area covered by and thicknesses of the 
Oruanui ignimbrite. 



considered here. Although most of the Oruanui fall deposits 
were ciearly emplaced as wet, poorly sorted material flushed 
out of the plume by rain and (or) hai! and are thus typical of 
the wet eruptive style, parts of beds A and B are moderately 
to well sorted, lack evidence for wet deposition, and more 
resemble typical dry-eruption fall deposits. However, obser- 
vations on, and inferred emplacement temperatures for. 



ignimbrite coeval with beds A and B show that the plume was 
cool and water rich during emplacement of these beds. Maps 
(fig. 3) show the contours of thickness (isopachs) for the two 
beds and the variations in length of the five largest pumice 
fragments found in each bed (isopleths). Integration of the 
thickness data using the method of Pyie (1989) yields bulk- 
volume estim^ates of 8 km^ for bed A and 14 km^ for bed B. 
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ERUPTION-COLUMN MODELS AND 
ORUANUI BEDS A AND B 

Eruption-column models use the changes in thicloiess 
and grain size of fall deposits away from the vent as a mea- 
sure of the power of the eruption and wind regime. Two 
iwxieis are used here, txjtljt of wMch use the eruption-column 
njode! of ^jarks (1986) to produce theoretical relationships 
b^ween dispersal patterns of pyroclasts and emption-coi- 
wm h^M. TM model of Pyle (1 989) us»s tiie overali dis- 
persal characteristics of fee deposit to infer the eruption- 
column height and classify the deposit. This model neglects 
the effects of wind but leads to reasoimble estimates of col- 
umn height for observed and prehistoric eruptions, even 
when strong winds were present. The model of Carey and 
Sparks (1986) uses the dispessal patterns of coarse pumice or 
dense, rock clasfe to eslSaie ^i^on-column heights md 
wind speeds. In addition, the Omanui beds are compared 
with the widely used emption ciassification for fall deposits 
origfcdly <3b veloped by WaBcer (1 975). 

In the Pyle (1989) model (fig. 4), both beds A and B 
plot weD beyond,&e irfepf^ ex||Mne,^^fg^,nog^al, dry, fell 
deposits, and cotafflsi-hei^t estimates cannot be made. The 
rates of thinning of beds A and B arc extremely low but so 
also are the rates at which they become finer, and their 
overall hc/bf mtios (see fig. 4 for deimtion of psaaaeters) 
arc thus similar to typical dry-eruption fall deposits. Using 
the Carey and Sparks (1986) mode! (fig. 5), the Oruanui 
b«ls give high but superficially plausible values for column 
height and wind strength, although the column heights are 
significantly different from those implied by Pylc's (1989) 
model. However, despite the broad resembtoce of beds A 
and B to many diy fall dep<»its, these are not rdi- 

able because of ftie known low temperature of the emption 
phime; Carey and Sparks (1986) specifically warn against 
lE^g tieir model for wet eruption deposits. In Walker's 
(19^3) classification (fig. 6), both Oniaisui beds ^ow evi- 
dence for extremely powerful eruption plumes, with A and 
B having dispersal indices at least an order of magnitude 
larger than those documented for most dry-en^on fail 
d^sits, which have been inferred by other models to have 
be^ emplaced from plumes 30-50 km high. 



DISCUSSION AND CONCLUSIONS 

It is clear that there are contradictions involved in trying 
to model the eni|«ion plumes of Oroami beds A and B. Exist- 
ing theory suggests that the loss of sensible heat in the plume 
through magma-water interaction would have reduced the 
enj^tsoa-coteaa height and, hence, the power with which the 
clasts were dfepersed. Oa the other hand, beds A and B plot 
well beyond any documented dry-eruption Ml deposits in the 

(1 989) and Walker ( 1 973) classifications, which use dis- 
persive power as an ordinate (figs. 4, 6). Thus, estimates of 
. .jcoknm hdight and wii^d speed tnade with tibs Carey mi 




F%iire 2. PkJtograph of basal parts of the Oruanui fall deposit, 
dwwng beds A and B, The daricer coioiation near the base of bed B 
is due to a hi^er content of line material. Locality is near 

Taihapc township (grid reference 021/710782)^ 90 km SOiiA of 
vent. Scale in inches and millimeters. 

Sparks (1986) model (fig. 5) are almost certainly invalid, 
despite the ofton similar ^pearance of beds A and B to con- 
ventional, dry, fall deposits. 

The theories behind models for dry eruption columns are 
soundly based. The resulting models are successful when 
applied to observed events (e.g., Mouat St. Helens) and give 
plausible and realistic estimates of column parameters 
(height, discharge rate) for prehistoric, dry eruptions, based 
on measurraients from fall depcaats. TTjese models have also 
been used to precKct &e tJackaes^ and areas covered by fall 
deposi»"fi?w»%|K)tlKticaifetare eruptions (e.g., Macedonio 
and others, 1990). However, the presence of sigaificant 
magma-water interaction is an eruption mak^ aj^Hcation of 
these models suspect (and completely invalid at the extremes 
of eruptive size and violence shown by the Oruanui event). 

The powerful dispersal of the Oruanui fall beds implies 
that if wet eraption plumes are lower in hei^t (because of 
latent-heat effects), then eitherplume expansion rates are cor- 
respondingly more rapid or there is some as yet undiscovered 
mechanism (e.g., organize cellular convection) in the erup- 
tion plume that causes pyroclasts to be carried farther from 
the vent before deposition occurs. In either case, no model 
exi sts to predict tite growfe rates zM natoe of sech an ers^ 
tion cloud. 

No information is yet available to show at what scale of 

m.agm.a-output rate and (or) amount of magma-water interac- 
tion the breakdown occurs of dry eruption-column models. In 
the 1, 8SX)-year-oldTa«pomip&B<Wilsonand Walker, 1985), 
two wet fall deposits were generated between episodes of more 
voluminous dry fall activity (Walker, 1981). The two wet 
deposits are found in significant amounts fer&er upwind Aan 
the dry deposits, implying that wet eruption plumes of even 
moderate size (bulk volumes of the two deposits arc 1 .9 and 
1 . 1 km^) may start to behave in a significantly different way 
from dry plumes. The formulation of a model for wet eruption 
planes and relating it to existicg itfeas about the behavj<»-of 
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Figure 3. feofwh ajjd isopleth (contours of equal grais size) maps of A, (kmcm Mk (feqpo^t bed A flas<i3, Ctenaasi: Sffl dqxwt bed B. 

show variations in thickness (top) and maximum pimke sazes (bottom). ^Nfeinam {rtttnice sizes tepKsexA <fee average len^ of 
the five largest pumice clasts found at each locality. 



diy plumes is thus an important goal, both for understanding 
plume dynamics as well as for piw3i<aii^ tiie nature of tbe haz- 
aids ft^ po:^ and tite rapidity wiffe wMdi Ihey develop. 

Four features of wet eruption plumes are particularly rel- 
evant to aviation saf^: (I) Wet eraptions generate Mglier pro- 
portioBS of fine ash particles &an dry eruptions, and snalier 
particles may thus stay aloft for longer times and persist to 
greater distances from the volcano than predicted by available 
models; (2) in lai^e, wet eraptions siid» as the Omanm, the 
radial expansion rate of the plume (as indicated by the 
extremely widespread dispersal of pyrociasts) may be signif- 
icantly moie TZpvi ikm predict^ie from dcy-plmne models, 



or tiie l^mne may incorporate organized cellular convection, 
which would presmt additional hazards to aircraft; (3) there 
is abcndairt evidence from rain- and hail-fltJshed beds in fte 
Oruanui fall deposits for significant amounts of ash transport 
in the troposphere, and, thus, any aircraft encountering a 
large, wet ptame may not be able to escape into a^-fiee air 
merely by diving; (4) the amounts of water inferred to be 
present in a large, wet plume may cause additional problems 
to aitcrafit, saoh as adhesion of moist to ash on lie aarcraft 
skin. Any schemes to identify eruption plumes and minimize 
the risks to aviation traffic therefore need to take account of 
our oureid: lack of understanding of wet enii^on plumes. 
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Figure 4. Oruanui fall beds A and B (soiid triangles) plotted on 
tiM ctessificatOTJ digram of Pyle (!989). Parameters bt and % are 
tte average (K^ances over wWch &e deposit ftictoess and msxi- 
muK! clast sizes decrease by a fector of cme-half, sespective- 
ly — ^this is analogous to the half-life in radioactive decay. Pyle 
suggested that the value of be = 15 km (corresponding to an erup- 
tioR^lume height of about 55 km) represented a likely maximum 
fts dtey-eniptioa fall deposits. Open circles are da^ poiats frcHB a 
selection of dry fall (^K»ite. 
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Figure 5. Plot of downwind range versus crosswind range of 
pumice clasts (approximately 40 mm is diameter) in Oruanai beds 
A and B (soMd triaagles) sjqjeiwiposed on the relevant model of 
Cwcey aid Sfmrfcs (1986, fig. 16a). taiisciniwdel, flie diflferace be- 
tween the two ranges yields a unique value of column l»^!t md 
average wind velocity for dry-eruption fail deposits. 
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Fi^re 6. Oruanui fall beds A and B (solid triai^es) plotted oti fee "F-D diagram" introduced by Waiter (1 973) asid subseqwitly mod- 
if!«l. This version is fcom Fi^er tod Schmmcke (1 984). Tte fit^mentation index is fte weight perc<mt of fte deposit fine" fean I iwn aJong 

the dispersal axis where it is crossed by the 0. 1 T-^^^ isopach (Tasx '-s the maximum thickness, obtained by extrapolation). The dispersal 
index is the area covered by 0.01 T^ax or i^iore of material Fields for various eruptive styles are shown. Tne deposits of most powerful, dry 
ert5>ti<ais pkA in ^ ¥Mim field. 
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ABSTRACT 

In feis ppsr, we pfeseat sotm pfeyscai models that can 
describe fee ascent of volcanic ash into the ataosphere dur- 
ing a vo!<SiiHC ^tjption. We consider both sustained volcanic 
eruption columns and discrete volcanic thermal clouds. To 
test the modeling approach, we compare our predictions of 
the ascent rate of a mode! cloud with some observations of 
the ascent of the ash cloud during the April 15, 1990, eo^- 
tion of Redotilyt Volcano, Alasfea. We also consider the 
radial spreading of ash as a gravity current following 
emplacement by the column and compare our theory with 
the observations from the April 2!, 1990, eruption of 
Redoubt, Alaska. Both styles of eruption behavior are haz- 
anious for aircraft. 

INTRODUCTION 

There is a range of styles of explosive volcanic eruption 
feat can produce large convecting ash clouds and thereby 
inject ash high into the atmosphere. Ash can rise high into 
the atmosphere if the hot, erupted material can mix with and 
heat up a sufficient mass of air so that the bulk density of the 
ffifxtare decreases below the ambient (Self and Walker, this 
volume). The typical ascent time of this ash to its maximum 
height is on the order of a few minutes; if this time is longer 
than the time over which the material is eri^ted and become 
buoyant, then the cloud will rise as a discrete volcanic tlw- 
mal cloud (Wilson and others, 1978; Woods and Kienle, in 
press). Such volcanic thermal clouds formed, for example, 
during fee April ! 5 and 21, 1990, eruptions of fee Redoubt 
Volcano, Alaska. Figure I is a photograph of the April 21 
eruption cloud, which ascended about 12 km into the atmo- 
i^jhere. The nmn eruption cloud has readied tte maximum 
height and has begun to spread laterally into the atmosphere. 
A relatively small, vertical column may be seen below this 
main cloud. This column coiKCaitts matfflai rising frcm fee 
ground after the ascent of the main cloud — this material is 
less energetic than that in the main thermal cloud. In the pho- 
tograph, a small secondary lateral intrusion has begun to 
deyelop^from .this, coiuma. 



in a more sustained eruption, lasting sevemi hoars, 
m^erial is continually empted from the vent In this case, a 
maii^aed eruption column, injecting ash high into the 
ataosphere, will form if the hot ash can entrain and heat a 
sufficiert qaan&'ty of air so that fee bulk density of the mix- 
ture falls below that of the ambient. Two different mecha- 
nisns of buoyancy generation are possible, and, during fee 
course of an eraftion, fee style of eruption may chJBge frcKn 
one to the other (1) If the erupted material is ejected upward 
from the vent very rapidly, the dense jet may entrain suffi- 
cisit air to become toyant before its upward mrannentsffiEa is 
exhausted; in this case, the material continues rising upward, 
driven by its own buoyancy thereby forming a classical Plin- 
ian eruption column (Sparks, 1986; Woods, 1988) such as 
the A.D. 79 eruption of .Mt. Vesuvius, Italy. (2) If the erupted 
material is ejected from fee vent with smaller momentum, 
that material will coII^»e back and spread out along fee 
gr^md as an ash flow in a similar maEBO" to fee motion of 

water itt a iii»i«aie. However fee matetatwtiK spisading^ 

ash flow may become buoyant through entrainment and mix- 
ing with air and sedimentation of laige particles as it prqpa- 
gates along the ground. It will feen rise off fee ground to 
form a maintained eruption column, in this case called a co- 
igrambrite eruption column (Sparks and Wa|ker, 1977; 
Woods and Wohletz, 1991). Historical racamples of erup- 
tions, which include phases in which co-ignimbrite eruption 
columns developed, include fee massive 1815 eruption of 
T«ro!x).iu, Indonesia, and, t|wJ912,,,,eru|«i<«, of K^mai 
Alaska. Co-ignimbrite eruption columns tend to form (bring 
massive eruptions (Woods and Wohletz, 1991). 

Both discrete and maintained eruption clouds can inject 
vast quantities of ash into the atmosphere — ^they thereby 
pose a serious safety problem for aircraft. However, sus- 
tained eraptfo!! cohimns are^p^b^ more Imm^om for air- 
craft because they may persist for hours and can therefore 
inject very large quantities of ash, which spreads over a very 
wMe i»ea in ti^ toospl^re. M order to evsd uate fee dangesre 
of an eruption for aircraft, it is important to know the extent 
of the region in which the mass loading of ash in fee air is at 
hazardous coiKentiations. Whea ash has h&ea carri^ 
upwasd to its maxiinum teight by fee eis^^tton cohima, it 
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Figare 1. Photograph of the volcanic eruption cloud foitned dar- 
ing the April 21, 1990, eruption of Redoubt Volcano, Alaska, seen 
from the Kenai Peninsula, east of the volcano. The main cloud as- 
cended about 12 km, and the secondary intrusion ascended to an al- 
titude of about 6 km. Photograph by Mark and Audrey Hodges. 



spreads out laterally under gravity above its neutral buoy- 
ancy height and is carried by the wind to form a large, later- 
ally spreading ash plume (fig. 2). The maximum ash 
concentration in this ash plume occurs at the top of the erup- 
tion column (before it is diluted through mixing with the 
ambient as it travels downwind). 

In the following section, we describe the Plinian erup- 
tion-column model of Woods (1988) and the model of a vol- 
canic thermal cloud of Woods and Kienie (in press). In order 
to test the modeling approach, we compare the predicted rate 
of ascent of a volcanic thermal, using the model of Woods 
and Kienie (in press), with the observed ascent of the thermal 
cloud during the April 15, 1990, eruption of the Redoubt 
Volcano, Alaska. We also investigate the radial spreading of 
the ash as a gravity current after it is emplaccd into the atmo- 
sphere by the eruption; we compare a simple model with 
observations of the spreading umbrella cloud following the 
April 21, 1990, eruption of Redoubt Volcano. Details of the 
mass loading in eruption columns and the downwind dis- 
persal of ash are given in other articles in this volume 
(Sparks and others, this volume; Bursik and others, this vol- 
ume; Self and Walker, this volume). 

MODELING THE DYNAMICS OF 
ERUPTION CLOUDS 

Although the initial momentum of the material erupted 
from the vent accounts for the first few kilometers of the 
ascent, it is the generation of buoyancy that enables the mate- 
rial to ascend tens of kilometers (Woods, 1988). This buoy- 
ancy is generated through the entrainment of vast quantities 
of ambient air, which is heated and expands, ultim.ately low- 
ering the density of the column below that of the surrounding 



air. Once buoyant, the material rises through the atm.osphere 
until reaching the height at which its density equals the ambi- 
ent again, called the neutral buoyancy height. At this point, 
the inertia of the material causes the material to continue ris- 
ing some distance until the material comes to rest. It then 
collapses downward toward the neutral buoyancy height and 
spreads out laterally. In this overshoot region, the density of 
the cloud exceeds that of the surroundings, and the cloud 
may actually become tens of degrees colder than the envi- 
ronment (Woods and Self, 1992). This undercooling of the 
eruption cloud causes difficulties in the interpretation of 
thermal satellite images of the top of eruption columns; in 
particular, it is very difficult to estimate the height of the 
cloud top using the observed cloud-top temperature and 
radiosonde measurements of the environmental temperature 
as a function of altitude (Woods and Self, 1992). 

In the past 10-15 years, a number of models have 
been developed to describe the motion of maintained volca- 
nic eruption columns. These are summarized and reviewed 
in the paper by Woods (1988), in which a dynamically con- 
sistent model is presented. This steady-state model is based 
upon the conservation of mass, momentum, and enthalpy, 
assuming that the column entrains ambient air at a rate pro- 
portional to the vertical velocity of the column at any 
height, following Morton and others (1956). The model 
incorporates a number of simplifications, which are good 
approximations in many explosive volcanic eruptions. 
These include the assumptions that (1) the material in the 
eruption column behaves as a single-phase, perfect gas, (2) 
there is little interphase mass or momentum transfer, (3) the 
system is in thermodynamic equilibrium, and (4) all of the 
solid m.aterial is fme-grained ash and therefore ascends to 
the top of the column. 



Top of column 




Volcano 



Figare 2. Schematic diagram of eruption column, spreading um- 
brella cloud, and downwind ash plume. Figure shows location of 
neutral buoyancy height. 
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In figure 3, we present a graph, calculated using this 
model, showing how the total height of rise of the column and 
theijmtEai::buoyancy height of the column vary with the mass 
eruption rate for three different initial temperatures. In this 
graph, it may be seen that the rate of increase of column 
height decreases ome it pa^es through tiie tropopause. This 
is tKScause the temperatKHre begins to increase with height in 
the sfcrato^faere, causing Ae atmosphere to become much 
a^E«feStertibi.,ifc«i^i^^!fee seen that, because hotter col- 
amns:ga:^fiatom^l»i0ymcy, they tend to rise higher. Pur- 
ser dmilsoftemoddLai^desaibed is Woods (1988). 

Woods mi Bursifc (1991) have extend©! ilffe model to 

include the effects of fallout of die larger solid clasts below 
the top of the column. They showed that, if many of the 
clasts do fail out (as ocaiis in eraptions of ki^er mean 
grain size), then the eruption column becomes progres- 
sively smaller. This is because more of the thennal energy 
is rffliaoved by Aese soKds, and, ti^EU^iy, fee material in 
the column has insufficient thermal energy to become 
btK^ant and a collapsed fountain forms. Woods and 

W>dtletz^fl^t)"lBve ^tesm-'fefr'th® momt-o§^ ■<^i^im- 

brite eruption column rising off a hot ash flow (Sparks and 
Walker, 1977) may also be described using this model. In 
tiBS esse, ti» tm^beoA beisg sif^kid to fee €dte»t ^ip- 
nates from a large area; initially it has little upward 
momentum and is only just buoyant relative to the sur- 
loondotg aml»ent atm<»|tee. However, after e«traiiifflig 
more air, the material rapidly expands and becomes buoy- 
ant and, as a consequence, acceler^s upward. Woods and 
WdiMz cal<ailated ftat ftie ascent bei^t of th^se 
co-igaimbrite columns was much less than that of Plinian 
colratms because, typically, only about one-third of the 
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Figure 3. Caiculations of neutral buoyancy height (dashed liaes) 
and &>ta! column hei^t (solid liaes) as a fimction of en^ted mass 
flux. Carves are given for ttee en5|«i<» tanperstares (SOO'K, 
1 ,000°K, ! ,200°K). Calculations are based on the model of Woods 
(1988) using the standard atmosphere model described &erein for 
^ tn^iopause is located id: 1 1 km. 
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Figure 4. CalotJations of neutral buoyancy hetglit (dashed 
lines) mi icM cUmii ha.^ (solid lines) as a fttncti<H5 of empted 

mass. Curves are given for three eruption temperatures (600°K, 
SOCK, 1,000°K). Calculations are based on the model of Woods 
and Kienle (in press) usii^ Sse ^mSsi^ mmo^piaeatt s& (ksaihed 
infigareS. 



erupted ash and solid material is eltariated (com til® ash 
flow into the rising cloud. This reduces the source of ther- 
mal energy, which results ia ssoent of tlie cloud. 

Using a similar approach, Woods and Kienle (in press) 
have presented a model of the ascent of discrete volcanic 
clouds. In this model, the discrete cloud is ass«B!)«d to ascend 
as a sphere ifajrt entrains ambient air and therefore increases 
ia radius as it ascends. The model calculates the altitude and 
radius of the cloud as well as the average density, tempera- 
ture, and velocity m tie cloud as functions of time. An 
important diWetmce. b^een the motion of a maintained, 
steady eruption <x>lwffi and a discrete volcanic thermal 
cicmd is tiiik, as a volcanic ifeennal ris®s, tiiete is an 3<Mi- 
ti<Mal drag exerted upon the cloud as a result of the air Sfeat 
■Must4»?tfsplacedby the rising cloud. This is usually referred 
to as fee •nttml imss (Batodidor, 1967) and is iiicorporated 
in the mode! of Woods and Kienle (in press). 

In figure 4, we present calculations using this model of 
the ^est bei^t and neutral bmymay height of a volcanic 
thermal cloud, such as that developed following the erup- 
tion Redoubt Volcano (fig. I). We present calculations for 
three differaRt m&i& tenspenwres ats a fimction of tbe ini- 
tiai mass of the thermal cloud. The results are qualitatively 
similar to those in figure 3, which describe maintained 
msp&on colttmns. 

TESTING ERUPTION-CLOUD 
MODELS 

Relatively few detailed observations of volcanic erup- 
tions, recording the ascent height of the cloud as a function 
of time or fee velocity in a maitrtaiaed eruption column as a 
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F^ore 5. Comparison of observed ascent of the April 15, 1990, 
Esdoabt en^ticai cloud wi& the mode! predictions of &e total cioud 
hea^ ($iAid ^s6$) and the iei^t of fi» ceatM' of Ae clmid (da^ed 
Uses). .C^tefattons are showTi for two initial, model cloud tempera- 
Jajes(^}0°Kaiid 700''K), which represent bounds on the initial tem- 
perature of file cloud (Woods and Kieitie, in press). The data were 
coil«;ted i>y analysis of video recordings of flie doud as:ent. Hori- 
zoBtd tises ftroug^ (lata points re^Rsseiit eanror bars. 



fiaictios of lieight, have been published; smdi oteervations 
are nec^sary to test tfse acctiracy of &e iHodeliag approach. 

Sparks and Wilson (1982) tracked several plume fronts ris- 
ing &om the crater of Soufriere St Vincent and compared 
Ms with a model of a staiting phime, and Sparks (1986) 
reported some satellite observations of the ascent of the lat- 
eiai blast cioud of Mount St Helens, May 18, 1980, and 
compared &es« wiiii fee feeory of Morton and ofeers ( 1 956). 
More recently. Woods and Kienie (in press) have reported on 
some slow-scan video-camera recordings of the rise of the 
April 15, 1990, empfion cloisi of R^<ml^ Volcano and cxm- 
pased this with a new model of a volcanic thermal. 

During the April 15, 1990, eruption of Redoubt 
Volcano, a li<^ asb ftsw was prodiK^d frcan flie explosion of 
a volcanic dome. This ash flow traveled along the ground for 
3-4 km, following a natural ice canyon carved in a glacier. 
As fee Sow eatraii^d md heated amlaeat aiir, SJte upi^ i«it 
of the flow became buoyant and rose into the atmo^tere, 
forming a large, convecting volcanic thermal cloud. In figtire 
5, we present a graph showing the observed height of fee 
cloud as a function of time as deduced from the siow-scan 
video recording. Post-eruption studies of the far-field air-fall 
(Scott and McGimsey, in press) and near-field flow deposits 
(CA. Neai, oral common., 1991) give estimate far fee total 
wms oi materia! erapted fi-om tie volcano during feis erep- 
tim as approximately 2.5x1 kg. Using this data and the 
ccHji^rvatioa of enthalpy in fee flow (Sparks, 1986), we esti- 
mate feat fee tesiperature of fee elutriated cloud was 
600°K~700°K, assuming that it was just buoyant on asemt 
This data provides fee initial conditions for our model of fee 
ascoit of fee tti^ma! cloud aad, in figm« 5, we also present 



model ascent curves for clouds rising off the flow with tem- 
peratures of 6<X°K and 70O'K. In feese calculations, we 
ime 8«d m^ewokigfcal iadi<»osde data frcm fe«^ stai- 
tions near Redoubt Volcano taken at about the time of the 
eruption. It may be seen that fee model is able to reproduce 
ffloa of *l»>fe!ateEest of^e^iNoyast ^cwt v«sEy ss)ae^xiumly, 
^p«s»:tfy fee time scale of the ascent and the height of rise 
oi fee <So«d. This gives us confidence in fee accuracy, at 
iii-terms of fee order of magnitude, of fee predictions of 
these models. Further details of this comparison and fee field 
data are given in Woods and Kienie (in press). 

In addition to field observations, some rec»nt con- 
trolled laboratory experiments have been able to test 
aspects of feese models (Woods and CaulfieI4 1992). 
There sere mixtures of mefe^ol and efeylene glycol (MEG) 
with density less than that of water that, upon mixing wife 
water, become more dense fean water. Therefore, with suf- 
ficient initial momentum, a downward-propagating, but 
light, jet of MEG can entrain and mix with ambient water 
to become dense and feereby continue propagating down- 
vmd'im m : «aik^ffls- ^^1^ ■ ^"^t-^^mm^ «r«pti»^ ^ col- 
umn) (Woods and Caulfield, 1992). However, a relatively 
light jet of MEG, with sufficient initial downward momen- 
tum, comes to rest before it can max with sufficient water to 
become dense; in this case, a collapsed fountain forms and 
the MEG mixture rises back up around the source. Woods 
and Caulfield (1992) cteveloped a simple thcoretkal mode! 
of their laboratory expaia«ttts based on fee saiae coiaer- 
vation laws as used m the en^tioiHX)kBnB model of 
Woods (1988). Ti»_ under whidfi experimental 

column cdilapse occms wece saccess&My am^asd wife 
fee model {)i«dk^<»i^ intleer OMjimts fe« v^dMty of 
fee underlying physics in fee models. 

SFMEAPING UMBRELLA CLOmS 

We now describe the initial spreafeng of fee sanbrella 
cloud once it is emplaced into the atmosphere by fee erup- 
tion column — fee subsequent dispersal and fallout of ash 
has beCTt descril»d by Burak aad oAers (1992; feis vol- 
ume). Following injection into the atmosphere by the erup- 
tion column, the first stage of ash dispersal consists of fee 
rs^l gravitational spreading of the cloud toward its neutral 
buoyancy height. This is the dominant mechanism causing 
lateral spreading of the ash cloud during the first few min- 
utes after fee ash is injected into the atmosphere. However, 
when fee rate of spreadiag decreases below typical veloci- 
ties associsaoi wife ^ mMerA wind field and ambiffitjl tar- 
bulence, this gravjtatiOTsI i^sreadisg tss^ bec<sae of 
secondary importaace fe comparison to the wind as an asfe- 
dispersal mechanism. During the May 18, 1980, eruption of 
Mount St. Helens, the ash plume spread out under gravity 
firom a radius of about 20 km to nearly 50 km in about 10 
minutes (Spmks, 1986, %. 5), whereas fee April 21, 
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eruption c!oud at Redoubt Volcano spread out from a radius 
of about 6 km to over 15 tei in about 10 minutes under 
befi»« l>^g affiled 4(>«m>if(^^ Wootfe sod Kicrale 
(in press) have described a simple model of the gravitational 
spreading of an ash cloud foMowing Simpson (1987). In the 
model, the radial inertia of the cloud balances the gravita- 
tiona! force, which results from the vertical displacement of 
tiie air by the cloud. Woods and Kienle (in press) predict 

rate proportional to (tinie)^'^, and an umbrella cloud contin- 
ually supplied from below spreads at a rate proportional to 
(time)^ until the dispersal becomes dominated by wind. 
As can be seen in figiae 6, this mode! compares favorably 
with direct observations from tl» spreading of the April 21, 
1990, enii^oa cloud of Re<k»i^ Volcano, whidh was 
emplsK^ seady iast3ntaa:^{i^y. 

CONCLUSIONS 

We iiave de»»bed m}dbls of bc^ sistaitfamms aid 

maintained eruption columns. These models are based upon 
the conservation of mass, momentum, and enthalpy. We 
have compared our model of a thermal cloud with the obser- 
vations of the Redoubt Volcano eruption of April 1990. We 
have also discussed simple models of the radial spreading of 
ti« umbrella cloud and have shown that the simple model 
compares favorably with observations from the April 21, 
1990, eruption of Redoubt Volcano. The models have sitown 
that even relatively small eruption clouds can s^cend up to 
tens of idksneters into the atmosphere, causing a setkm 
hazard for aircraft, which typically fly in the troposphere 
below about 1 1 km. Once the ash cloud has reached its neu- 
tral buoyancy height, tibe ash may then ^read several hun- 
dred or even tisoasands of kilometers before sealing from tibe 
atmosphere. A particularly important result of the modeling 
is that the upper surface of an eruption column may actually 
become tens of degrees colder tim fee surrounding environ- 
ment, owing to the inertial overshoot of the erupted mixture 
above the neutral buoyancy height. This can lead to difficul- 
ties is intezpietisg fee height of emption clouds from feer- 
ma! satellite images (Woods and Self, 1992). In a companion 
paper in this volume (Sparks and others, this volume), the 
m^ls &i$<»bed herein have been used to calculate ash 
loading at fee top of eruption columns. 
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ABSTRACT 

Results are reported for a technology program 
d^i^d to detennine the behavior of gas turtsaie os^n^ 
when operating in volcanic ash clouds. The re^nse of 
several different engines, among them the Pratt and 
Whitney JT3D turbofan and the Pr« and Whitney J57 xm- 
bqjet, has beoat d^smsed. 

The dams^e thi^ m ei^ne will exf^sboce depends 
upon the particular engine, the thrust setting at which the 
iS- .©peratliBg wim st ^counters the dast cload, the 
constitoents of the cloud, and tihe respective melting temper- 
atures of the various constituents. In addition, the rate at 
which events will occur depends upon the particle density 
(or concenteation) of the ash cloud. 

An important part of the research effort at Calspan 
Advanced Technology Center has been to identify which 
engine parsaiseters available to fee fligirt crew am provide an 
early warning of impending engine problems. Having deter- 
mined that one is operating in a potentially dangerous envi- 
ronment, it is Itei important to (fetetmte how to safety 

INTRODUCTION 

The reality of the danger of the volcanic eruption clouds 
to commercial aircraft operation has been dramaticaMy illus- 
trated siace 1980. Dwing &e pas seva^ years, the airframe 
and eaagine cdini»ini<K have becoiwe involved in trying to 
understand tiw natore of fi»e prabteis assoda^ m- 
craft interactions with volcanic ash clouds. Campbell (I99I) 
described four 747 aircraft oicorates wi& volcamc ash 
clouds, beginning with Ac June 1982 encounter of a British 
Airways 747-200 aircraft over West Java, Indonesia, and 
concluding with the December 1989 encounter between a 
747-4<K) aircraft wifii ^ Re<foEft>t Volcano ash cloud -cms: 
Anchorage, Alaska. The Bcotig 747 is not the only aircraft 
that has experienced cKficulty when operating in volcanic 
aA clouds (Campbell, 1991). The adverse influ^ce of vol- 
canic ash has been observed to occur in most m(^^ power 
plants, such as the Rolls Royce RB2H, tks Pr^ and 



Whitney JT9D, and fte General Electric CF6. Measurement 

programs designed to ascertain the response of gas turbine 
engines when operated in dust-iaden environments are 
nee<fed to recratranend oper^ttkml procedures under those 
conditions. The dust of interest here is volcanic ash com- 
posed of rock fflad mineral partidtes is|tt become airborne as 
a result of an ecsplosiye volcanic ^apticm. 

Gas turbine engines are routinely tested for the effect of 
ingestion of solid particles according to the procedures of 
Mliliy SpecafiSaEtcm MIL-E-S(K)7D, (SSmraohly known as 
the "Arizona road-dust test." During the last several years 
the material used in this test was changed from a mixed sili- 
cate minoi^ogy to crudied(|ii3rtz. Encounters with volcsHiic 
ash clouds are much different than those experienced with 
MIL-E-5007D. Specifically, these differences involve the 
chemical%tKi miwarfogical composition, particle-size dis&i- 
bution, and particle concentration in the cloud. 

A research program in the area of gas turbine propul- 
sion, ongoing at Calspan Advanced Technology Center in 
Buffalo, N.Y., utilizes a unique facility and experimental 
technique that exposes operating gas turbine engines to an 
adverse environment similar to feat asasciated with a volca- 
nic ash cloud wiAout oidaagering either an airplane or a 
flight crew. The response of several different engines, 
including the Pratt and Whitney JT3D turbofan and the Pratt 
and WMtaey J57 turbojet, to typical volcanic ash clouds has 
been invest^^sd. 

The behavior of individual components that make up a 
votoicashcfoudarestudiedseparatelyusinganAIlisonT56 
comlmstor canister, a row of T56 high-pre^ure-tuibine inlet 
nozzle guide vanes (NGV's), a dust-injection system, and an 
external air compression source. Data obtained using this 
device provide guidance to the researcher prior to full-scale 
engine measurements. A reasonable estimate of the behavior 
of a particular ash and the threshold temperature at which 
some compon«jte of the material in ftis ash might melt and 
deposit on the NGV's can be determined with this test system . 

The damage modes that an engine will experience 
depend up<m the particular engine, tihe ftrust setting at which 
the engine is operating when the dust cloud is encouutei^ 
the constituents of the cloud, and the respective jnet&ig 
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Vl^me t. Ls^-e^a& leseaidli cefl titciudtes the es^se test 
sxaa&t (ixaratfa^ eqiiipment, m& isstxummt^m. Major features of 
flie experimental apparatus are a noise-suppression system and a 
dast-kjectior systo:r,. The r.oisc-suppressior. s\-stcm used for these 
measaKSBeats is zn air-cooled unit consisting of a primary intake si- 
lemxr, & seccsK&sy intake silescor, m m^e test stand eacteure, 
airf s sjfatK^sysfian nuKie ap of ats ja^psffia 
mm, imd "M sxMmst siMcer. 

temperature of the cloud constituents. In addition, the rate at 
which events will occur depends upon the particle density (or 
concentration) of she cloud. 

Several different mechanisms may be responsible for 
altering engine performance daring or after expGSiTO to a 
volcanic ash cIob4 aisd tfee potential of each mechanic 
should be recogiHzed. The voicanic-ash-clotid encounter 
may be manifested in one or more of the following ways: 
(a) deposition of material on hot-sectioa ©wiponaits, ^) 
erosion of compressor blades and rotor-path components, 
(c) partial or complete blocking of fiicl nozzles, (d) partial 
or total blockage of coo!mg psss^ss, (e) oil systm or 
ble^ ak, SJffly contamination, (f) fogging of the wind- 
screen and landing lights, (g) contamination of the electron- 
ics because of dust ingested through the environmental 
control system (ECS), (h) erosion of aitteona surfaces, and 
(i) plugging of the pitot-static syst«i. Most of these phe- 
nomena have been experienced in the ash cloud encounters 
reported by Smith p983) and Chambers (1985). Conqjres- 
sor emsfon caases s loss of surge margin even if deposition 
does not occur (Tabakoff and Hussein, 1971a, 1971b; Hus- 
sein and Tabakoff, 1973; Grant and Tabakoff, 1975; and 
TaMcoff aitd Balm, 1981). 

The work described in this paper shows how the ash 
cloud could be recognized if natural light or cloud conditions 
pwliidb difect visial cA^ervation, &e type of engine dam- 
age e3(|»ected from ash-cloud encounters, which of the 
m^m <fiagnostics provide an indication of engine degrada- 
tion, and bow one manipulates the controls to generate sig- 
BiiiEmt .ftrust after engines have been severely damaged. 
Eady results of this research were reported by Dunn and oth- 
ers (1987a, 1987b) and Bateho and others (1987). 



EXPERIMENTAL APPARATUS 

TMs type oi r^e»ch reqeares a miqae fectlity that 

allows detailed measurement «F^|wqpillsioii-^stem toler- 
ance for a full-scale engine imder cmlJXMed laboratory con- 
ditions. The large-engine research Skji!^ al (M^m is 
located within a large building, thus permitting tests unham- 
pered by weather. The test setup includes the engine test 
staani, opei«i^ ecp^saeia, aad ia^niBieslJttios (%. i). 

Two major features of fte experimental apparatus are a 
noise-suppression system and a dust-injection system. The 
nofee-st^ppression systen used for ftese iiMasiiirKr!im& is an 
air-cooled unit consisting of a primary intake silencer, a sec- 
oiMlary intake silencer, an engine test stand enclosure, and an 
exhaiist-al<mo«- system made t^j of an augmenter tube, m 
exhaust plenum, and an exhaust silencer (fig. 1). 

The dust-injection system (DIS) is an important part of 
the test ap5»aatus and was designed to accurately regulate 
the dust environment. The dust-injection system must pro- 
vide a controlled range of particle sizes and concentr^ons, 
at! evenly dispelled in tite' itttomitig air. The DIS, shown 
schematically in figure 2, consists of a dust tube, dust-injec- 
tion nozzles, weigh-belt feeder and dust reservoir, and a bell- 
mouA. He weigh-belt fe«*ier includes process-monitorisg 
instrumentation to allow precise control of dust being fed to 
the test engine. The dust is delivered to the injectioa nozzles 
by compressed air. A mxm dmiM dbs^si^^^ dfife expes- 
imenfcal sppzrms is given is Dunn and ofliers (198713). 




Figure 2. Schematic diagram of dust-injection system (DIS). The 
DIS is designed to accssately regulate the dust environment and 
mast provide a coasteoHed rang^ of particle sizes and conc«»ti«M8is, 
all evenly dispersed in *e incwtning air. The DIS consists of a dust 

tobe, dust-injection nozzles, weigh-belt feeder and dust reservoir, 
and a bcllmouth. The weigh-belt feeder includes process-monitor- 
ing instromentation to allow precise control of dust being fed^to'fije^ 
test engine. The dust is deliverai to the injection nozzle by cozn- 
press«^ ak, Wpxi Dunn aiKi o&ot (l9B7b). 
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CLOUD PREPARATION AND 
ANALYSIS 

The engines discussed here were ail operated in air 
laden with particulate material frc«a a mixture of two types 
of soils (sand and clay), two types of volcanic ash, and 
small amounts of a clay additive. The sandy soil is com- 
posed of decomposed granite obtained firom Ae northwest- 
em Santa Monica Mountains (Hollywood Hills area). The 




clayey soil is weathered material from Corona, Calif. Two 
different volcanic ashes have been used: Mount ^ 
Helens ash from near Portland, Oreg., and Twin Mountain 
basaltic scoria from Twin Mountain quarry near Des 
Moines, N. Mex. 

An analysis of the scoria (Dunn and others, 19872) 
shows it to be approximately 85 percent basaltic glass, with 
the remaining 15 percent of the material being plagioclase 
and pyroxene. Figure 3A is a scanning electron photomicro- 
graph of the scoria, and fig. 3B shows the elemental compo- 
sition spectrum of the blaclc scoria. Figures 44 mA Bzm& 
photomicrograph and an elemental composition i^pectem, 
respectively, for Mount St. Helens ash. 



TEST PROCEDURES AND 
TEARDOWN OBSERVATIOffS 

TEST PROCEDURES 

During the course of the engine-testing program, many 

dure differs depending upon the engine. Prior to exposb^ 
the engine to a dusty environment, a set of baseline measisre- 
meats is oteiaed at mmy ^esmt power levet (FLA) 
settings. All of the available engine parameters are recorded, 
including the exhaust-gas temperature (EGT), fuel flow rate, 
inlet total pressure (Frz), fan-exit total pressure (PT2.5), 
engine pressure ratio (EPR), interstage pressure, high-com- 
pressor static-discharge pressure (Pss), engine thrust, burner 
static pressure (P3), cace,.:^>eed,i{N^),„aiKi &n^, speed ,(N,j). 
During this baseline measuretiKast,^^ liie sssg^ also 
undergoes several 6-second p^siods of i^loatiot^ and 



Figure 3. A, Scanniag electron photomicrojyapb of black scoria 



OBSERVATIONS DURMG TISTING 

Common to ail engines tested, we fmd that, immedi- 
ately upon introduction of the dust, a striking glow is 
observed at the fen fece. The glow is the -ssedlrteows phe- 
nomenon St. Elmo's glow (or fire) that results from a dis- 
charge of electrostatic charge that has built up because of 
dust partides striking the moving metallic airfeces. St. 
Elmo's glow was observed by the British Airways crew dur- 
ing their encounter with the Galunggung volcanic ash cloud 
(SniiMi, 1983). 

Figure 5 shows the dust tube, the dust-injection noz- 
zles, and the fan face glow. Figure 6 is a photograph of 
the fett fece. The first-fes-stage rotor ^mxt mi iie fest- 
stage inlet guide vane are not obscured by the glow 
because the momentum exchange between these surfaces 
and file dm particles is too low to came dmg& accatnida- 
tion. The second-stage inlet guide vane appears as a 
shadow in the illumination field of the first and second 
10*018. Thiee sIkhi^s a^j^sg oa %iae 6 are fee 
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result of the dust-injection nozzles. The location of these 
nozzles can be more clearly seen on figure 5. A very 

shroud regions. The illumination in this region may be 
brighter for several reasons; these include; (a) higher dust- 
paMcle 6Ditc€S!«Kttiom caused by cenfaij^ing, (b) greater 
optical depth and unobstructed view of the illumination, 
and (c) scintillation at the rotor tip. Also visible in this 
^atx^^h is the btilkt nose and a total-ptessure probe. 



It has also been observed that a few of the engine- 
readout parameters respond very quickly to the presence of 
a dust cloud. ¥m &iampki, the burner static presswe (Pg) 
and the high compressor static discharge pressure (Pgj) 
respond in almost identical fashion (fig. 7). The pressure 
increase can be very rapid. Also inciiKited m figure 7 are 
tte li^l-flow rate mud tibe Ian total-pressure ratio, both of 
wbich inflaenced by the dust cloud. The rate of pres- 
sure increase is a strong function of the power lever angle 
(PLA) setting and Ifae dust cloud a>nceatratiioa. Figure 8 
illustrates Aat &e tsifetiie inlet tempentture (FTIT) ala> 
responds rapidly when a dust cloud is encountered, but 
a^n this response is a strong fesction of the PLA se^ag 
and &e Aist cloud concentration. Use engine pressme ratio 
(EPR) and core speed (N2) are also shown on figure 8. 
Changes in the core speed (Mj) and the fan speed (Nj) are 
indirect indicators of the material deposition or erosion e& 
detected through the response of the control system. 



mmm.MmmmmM^M^s. 

All of the engines tested in Ms pn^ram wei« disassea- 
bled for inspection when they could no longer be operated 
safely. Both in-flight experience and laboratory experience 
have demonstrated that if one continues to operate at 
thrust levels in a volrasic ash cloud, then it is likely fee 
engine will surge and'ffaiae out (Pnzedpeldd aad'Casatevall, 
this volume). As noted earlier, the three dominant factors of 
immediate concern to pilots are material deposition occur- 
ring on the hi^-|Hsssare-tetbme nozzle guide vanes 
(NGV's), erosion of the fan and compressor blades, and dep- 
osition of carbon-like material on the fuel nozzles. Fogging 
of ^ wmdscr^ iaiKi= bmiag l^te, c6smim!^m <^ tiw 
environmental control system (ECS), aai aatosia^a of 
the oil supply may also become a problem. 

The kiild-up of material on the nozzle guide vanes 
causes the very rapid increase in burner static pressure and in 
compressor dischaige static pressure shown in figure 7. At 
high altitude, this pressure increase can lead to surge and 
engine flame-out Fi^e 9 ^ows a poriioa of the mz2i<et 
guide vane row taken from an engine that was subjected to a 
dust mixture containing black scoria. This figure illustrates 
the heavy deposits on tiie leading edge and on the pressure 
surfeas. Figure 10 ^ows ftes« ifepcsks and illustrai^ l6ait 
the cooling holes near the tip endwall are bICKdced, wjtereas 
those near the hub endwall are still open. 

„" :::EKffiS,<a»»nfed,fet. i»e .i!mdfeed::dqx«i.65::a» :jpd- 
atively brittle. The thermal properties of the deposited mate- 
rial are very different from those of the metal airfoils. One 
of the reasons that it has been possible to restart engines that 
have shut down at altoJe ^te- enawatering a volcanic ash 
cloud is probably Aat some of &e deposited material can be 
blown off the surface by ram air after the engine cools down. 
Evidence of partial material removal from the vanes can be 
seen cm Sgme 9. 
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Figure 5. Photograph of St. Elmo's glow zt fen face. Fipxre shows the dast tube, the dust-injection soss^ and the fan-face glow. The 
fitst-fan-stage rotor fence and the first-stage inlet gjjide vane are not obscured by the glow (see text). 'M»:Second-stage inlet guide vane 
appears as a ^saddwli -fee aiaminaSon fiMWSMWsiW&WMI&W&ts. 



Figure 1 1 shows several of the fuel nozzles from the 
same engine mentioned above. The material on these nozzles 
is basically cs^bm (T. Ca^devali, veriton ccmmm., 1991). 
The center hole of the nozzle, from which the fiiel is sprayed, 
was open and was foimd to be capable of passing &e l at the 
design flow rate. However, the mM vanes ware plugged, 
thus inhibiting atomization of the fiiel. Because of this plug- 
ging, it is extremely difficult (if not impossible) to restart an 
engine tkat^tesJa^ft'damaged in &is way sw^'tts^atemi 
caimot be blown off by ram air. 

In addition to the difficulties caused in the hot section 
of the en^e as a result of exposure to the volcanic ash 
cloud, ije coinprei^OT can also sastein severe damage. Tip 
erosion is illustrated in figure 12. Throughout the compres- 
sor, tip-region erosion occurred on almost every stage. Fig- 
ui« 13 shows m escample of iie ninii-stage c(sn;sessor 



blade row taken from the engine discussed in connection 
with figures 9-12. The trailing edge of the airfoil in the tip 
r^on heaane so thin that tibe si^rlai jfobSed away fmm fee 
piesaxre sarfece. Compressor wear is an irreversibie pro- 
cess, and once the engine has operated in a volcanic ash 
cbsid f<»r my significant time period, fte b!a<fes irttist be 
replaced. 

As illustrated by the 747 aircraft experiences described 
in Smith (1983) and Campbell (1991), the volcanic ash cloud 
ms^aial msk&s its way teo^ tiie mvwcxmmsi cot^I 
system (ECS) and into the cabin. Laboratory experiments 
(Dunn and others, 1987b) were performed to ascertain the 
relative amount of dust material is passed by the ECS. 
Dust particles may erode the duct-wall material (fig.. 14). 
The absolute level of contamination of the bleed m at my 
bsM dust ONQtc^tration is defi!^ as Use fiacdoa of iie iipit 
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Figure 6. Photograph of St. Elmo's glow at fan face. Three silhouettes are the dust-injection nozzles. The location of these nozzles can 
be more clearly seen on figure 5. A bright ring of light appears at the first and second rotor tip/shroud regions. 



dust that appears in the bieed. In the three cases sampled, 
this fraction was approximately constant, with an average 
value of 2.2 parts per thousand. The efficiency of the parti- 
cle-coliection process at the bleed can be obtained from this 
contamination level and the estimated air-mass flow in the 
bleed manifold. In our case, the latter is 0.5 percent of the 
total mass flow into the engine. This results in a 45 percent 
particle-collection efficiency in the ECS bieed. 

The collection efficiency depends primarily on the 
geometry of the engine near the ECS bleed and the iocal air 
velocity. The engine geometry is fixed, and the contribution 
of changes in the local air velocity to the collection effi- 
ciency with moderate changes in thrust setting is expected to 
be small. Thus, the collection efficiency is relatively inde- 
pendent of thrast setting, and its measured level can be used 
to estimate the absolute level of contamination for the bleed 
air at power settings other than cruise. For example, at a 



high-thrust condition, an increase in ECS airflow of about 50 
percent would produce an absolute level of contamination 
for the bleed air equal to 3.4 parts per thousand. 

CONCLUSIONS 

As a result of information obtained during the course of 
tests utilizing many different gas turbine engines, the follow- 
ing conclusions can be drawn: 

1 . The presence of St. Elmo's glow at the engine face is 
indicative of dust in the environment. 

2. The manner in which the engine will behave in a dust 
environment is dependent upon the dust concentration, 
the dust constituents, the operating turbine-inlet tem- 
perature of the engine, and the engine control system. 

3. The turbine inlet temperature required to cause mate- 
rial deposition on the hot-section components is 
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ai^roximately 2,000°F (1,094°C). Many older 
esgtaes, which operate at lower temperature, will not 
experieiKje deposition bat wiH experience compres- 
sion system erosion. The newer engines will experi- 
ence both deposition and erosion unless the thrust 
level is recced in otdtr to lower flie turbine inlet 
temperature. 

4. It must be emphasized that engine operation time in a 
dust-kfei eaviKHiinieiit is limited. If mtrsmce into 
the cloud is unavoidable, then the air crew is advised 
to reduce thrust, exit the cloud, and carefully monitor 
engine diagnostics (especially the EPR, EGT, fuel 
flow, core speed, and fan speed). This combination of 
parameters will help determine the degree of engine 
damage and how the control system is handling the 
problem. The reader is referred to the report of ttie 
Aerospace Industries Association (AIA) committee 
on volcanic ash for recommendaaions on how to 



operate a commercial aircraft if the air crew should 
unexpectedly find itself in a volcanic ash cloud (AIA 
Propulsion Committee 334-1, this volume; Campbell, 

this volume). 

5. Prolonged operation in the dust-laden environment 
may result in permanent engine damage. If the air- 
craft is operating at high altitude, the sar^ng associ- 
ated with this type of damage may cause engine 
flame-out. If the fuel nozzles have not become cov- 
ered widi carbon, then it should be possible to restart 
the engine at lower altitude. Some of the deposited 
material will have blown off dunng the period of time 
that the engine was inoperable. 

6. A significant amount of material wil! make its way 
through the environmental control system and into the 
eiecttonics cabin^s and the cabin itsdf. The particle 
size of tihis material is on the oreter of 6 pxn. 
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Figure 9. Photograph of nozzle guide vane for first-stage high-pressure turbine. Figure shows a portion of the nozzle guide vane row taken 
from an engine that was subjected to a dust mixture containing black scoria. This figure illustrates the heavy deposits on the leading edge 
and on the pressure surface. 
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Fsgare 10. Photograph of nozzle guide vase for first-sage high-pressure turbine. Note remeited ash deposits and that the cooling holes 
near the tip endwail are biocked, whereas those near the hub endwall are still open. The remeited deposits are relatively brittle and some of 
the deposited material can be blown off the surface by ram air after the engine cools down. Evidence of partial materia! removal from the 
vanes can be seen on figure 9. 
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Figure 1 1. Photograph of fuel nozzles from the engine shown in 
figures 9 and 10. The material on these nozzles is carbon (T. Casa- 
devall, written commun., 1991). The center hole of the nozzle, from 
which the fuel is sprayed, was open and capable of passing fuel at 
fee design flow rate; however, the swirl vanes were plugged, thus 
inhibiting atomization of the fuel. 




Figure 13. Photograph of high-pressure compressor ninth-stage 
rotor. Figure shows an example of the ninth-stage compressor blade 
row taken from the engine shown in figures 9-12. The trailing edge 
of the airfoil in the tip region became so thin that the material folded 
away from the pressure surface. 






Figure 12. Photograph of second-stage fan showing Wade tip ero- 
sion. Throughout the compressor, tip-region erosion occurred on 
almost every stage. 
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ABSTRACT 

CaHimercia! aod military propeiler-driven and jet air- 
craft have encoBBteted aiffeame volcanic ash in ftie Cook 
Inlet region three times prior to the near crash of a Boeing 
747-400 jet downwind from Redoubt Volcano on 15 
Ctecember 1989. Aircraft flew into ash pinnies in 1953 
when Mt. Spurr erapted and in 1976 and 1986 wlwn 
Augustine Volcano erupted. Damage to aircraft in all inci- 
dent was restricted to serae :^<ft>iast!ng, and no engine 

INTRODUCTION 

The volcanoes of the Cook Inlet region, Alaska, make 
up tbe eastern end of the Aleutian volcanic arc. Air routes 
connecting Europe and North America with the Far East fol- 
low great-circle routes, which parallel much of the volcanic 
chain. Three volcanoes in Cook Met, Mt. Spurr, Redoubt 
Vo!c^, wad Atipi^Sfi Volcano (fig. 1), have erupted sev- 
eral times this century for a total of 10 eruptions between 
1900 and 1992, or about once every ID years on avenge, fa 
recent deca<fe5, tiie eruption rate has alinost doubled. Since 
1950, Augustine erap^^ tliree tiiises, R«doai)t twice, and 
Spurr twice, totaling seven emptioiiS ia ftte jkisI 43 years or 
once every 6 years on average. Each eruptive cycle of the 
tlsree vdtefflwes produced multiple explosions and associated 
ptoes. Uiamna Volcano, !ocat^l>elw^^ Redto«i>t.and 
Augustine Volcanoes {fig. 1 ), has not had an ash eruption in 
historic times, although large steam }*imes have been 
reported fte<peii% to slie Alaska Volcano Observatory 
(AVO). 

The Alaska Volcano Observatory gives special atten- 
ticsi to Ae four Codk Wet volcanoes, whidh are west arod 
southwest of Anchorage (fig. I). AVO operates remote, 
continuously recording, radio-telemetered seismic stations 
on al! f<Htr Cook Met voIobjo^ sgsd ^w-«can television 
cameras, which are focused on Spurr and Redoubt. For the 
recent eruptions of Spurr (1992), Redoubt (1989-90), and 
Ai^B^ae (1986), Ais has allowed aaoitists to forecast 
e«q^ve $<*ivjt3f aiKi to ,giYe aj^Mjuate waiun^ to fie 



commercial aircraft industry and to the U.S. military, either 
before or at the onset of explosive, ash-prodkralsg erup- 
tions. Because ash is mainly advected by tropospheric 
winds, plume-path predictions issued in recent years by 
AVO hive been used by carriers to avoid airoraft^b 
encounters (Casadevall, in press). 

This paper gives a brief description of aircraft-ash inci- 
dents over Cook Met between 1953 and 1986, before the 
near-fatal encounter of a Boeing 747-400 jet with a Redoubt 
ash plume on 15 Db^iiber 1989. 

AIRCRAFT-ASH ENCOUNTERS 
OVER COOiC INLET, 1953-^ 

On 9 July 1953, at about 17:00 local time, the Crater 
Peak vent on the southern flank of Mt. Spurr erupted sud- 
denly, without much warning, sending a dark, ash-rich col- 
umn to a height of 21 km (70,000 ft). Juhle and Coulter 
(1955) report that the ash cloud, carried by gentle westerly 
winds, drifted over Anchorage by noon. Heavy ash fall 
lasted for about 3 hours and darkened the sides so much that 
the city lights had to be turned on from noon until 15:00. 
Eventually 3 to 6 mm (1/4 inch) of fine dust settled over tfce 
city, including Anchorage Airport and Elmendorf Air Force 
Base, disrupting air traffic for 2 days. 

By chance, the eruption was witnes!^ at dose range by 
pilots of tvs^o U.S. Air Force planes on a reconnaissance mis- 
sion near fee volcano (Juhle and Coulter, 1955; Wilcox, 
1959). The fdlowing pMots' ac«>ui« is quoted from an Air 
Force press i«i^e of 10 July 1953 (tdkm Ima WMcox, 
1959): 

At 05'r) OSes Lieutenant MeSzner noticed a column of stnoke 60 mUcs ahead 
that was about 1 5,000 ft high and one-eighth mile wide. As he approached 
the smoke it was apparca that the eruption causing it was becoming 
increasingly severe with the smoke growing rapidly in height. At about 25 
mises distance, the volcano was recognized as the n,070-foot high Mt. 
Spurr. Bot!) planes approached the mountain at about ! 5,000 ft asri dsdeci 
the volcano a a5»ut OSh 25m. They i»tjeed the wntinias^ itwsease xss the 
istei^? «id size of tt»e coJama dt sswdce with iigksBng fi*s^ through its 
cote ev«(y 30 set^oitds, ^»c>ke isaiai f{«m ^ y<^ca»>,ls viQla^{»pows » 

!i9 
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the 7,0{X)-foot level of the moujjtain caused by iiuge subterranean expio- 
SK»s. Tremors on the mountasnsides were visible from the aircraft and 
vme followed saow sJides on tk^ motmtain. The saoke had hy »w 
wMKlMrf fte S^OdOifbot tevtit roitog ^pwanl^ and Ksanif^ of 
tte awnfe'lxwjfrtiasiisoofai'Cawcfe <^ smoke were 'eveiystoSsofsiag^ 
ftoffi bla* at flje crater lo puss isiiise a the top. By this tin* &m width had 
mcteased to about a mile at the base and 30 miles at its widest par.. 

Abom OSi 4©Ht Liesaeaat hiSmzmx dhB&ei k.oKfcsr to eaiinate tie 
!»%Sit of fte Sttateoanj. The tt^ of fee ^c, ot ^ b««t«Ba of the mA- 
Tocm, was 30,W ft sai «^ of fte ina^KowB fcid cBo&ed to 70,WO 
ft. Lj^lniBjg was now ftsKng from t<^ to bott(»n of the imshKMan si 

three-second intervals. 

At afent 6ti Wm voteaaic ash begas Ming &om the mashroom on M! 
sides mi fitaJly made 1*» etitite aiea hazy. A clear dej5 niScki of flie vol- 
csaio and the mushroom rapidly faded and the patrol returned to its base. 

Another pilot report confinned that ash was still beiag 
erupted vigosHisly 4 hotirs later, at 09:00. The activity 
declined toward noon but resumed at 15:30; other eruptions 
took piace later that day (Wilcox, 1959). Wilcox further 
states that, cmAe n&xt <fey, 1 0 Ja!y , Ac vent was only beam- 
ing, except for a strong ash-laden surge at 15:30, which rose 
to 6 km (20,000 ft). Juhie and Coulter were in the field at the 
volcHmo frcsn 1! to 14 Mf anrf again <m t6 Jfaly, during 
which time they observed steam clouds to heights of 6 km, 
wft occasional puffs of black dust (Wilcox, 1959). 

Oae c^'lhe two* jet aifcrirfl liiat ^were flying near 
Mt. %>txrr on tiie morning of 9 July flew through the cloud 
md had its Piexiglas cockpit canopy frosted by the "sand- 
blasting*' action of tihe ash (Mile md Coulter, 1955). The 
f<rflowing information is summarized from a U.S. Air Force 
report on the Mt. Spurr eruption (U.S. Air Force, 1955): 

During the peak of craptive activity, three jet aitcaft of the 66tfi Fighter- 
Interceptor Scu::c.-or. wera dispatched through the ash plume to bring back 
first-hand, eycwit.-css accounts of the eruption. [There is a conflict with the 
report of Juhle and Coulter (1955), which says that only one jet flew 
through the eruption cloud.] Upon return to Eimendorf AFB, all three jets 
had sandblasted wing leadiisg edges, windshields, side panels, mi torn. 
poaioas of the c«>|aes,g?ealy wdadagf itot visibiHty. Some-fan^s ter 
had to be t^liaK%d. 

As a precaution, all aircraft of the U.S. .^.ir ."orce's 5039th Air Transport 
Squadron in fiyablc condition (26 planes) were evacuated to Laird and 
Eiclson Air Foree Bases near ."airbanks. However, only four F-94 inteicep- 
tors were s^le to engage in the evacuation; loss of power in the iSisty air oa 
take-off gimmded the other iiitefc^«ofS. These were imgmd m time, 
exe^ fyt seveaJ Usgc C-124 te#ort airoJafi (GK* Twaas). Float- 
eqa^^sed L-2S*s of the 5th Ltaisos ^juadma wete imwi §c«m AadKnage 
to Lake Lodse. "Wlied-equipped Beaven wetrS: plaoed ksi<^:liai;^(s. Two 
radar stetions in the Anchonage area, one on Fii« Etetl, wee tate off the 
air to prevent dam.age to the antenna drive and genentors. 

Most seriously affected by the asis fell weise fee p»pdler-<iriveii C-124 
teaffiiKKS': «K»!i stc«e<l sm^iiet, w^cb .le^mi 10 ^biys ^•dem^ to 
Misove t!» fitie "w^easie a^ &om &e «Kwft. frsm 9 to 13 My, te&al 
asaaeaft w«»e ssal*t to tate » fte air over ifafen&jrfbecause of daay con- 
&^mmi.tas^^3kBmA sell on runways and taxi ways. The lOth Air Divi- 
sioi! of the Alaska Air Command lost its ability to m.cet its air defense 
mission and it passed the responsibility for fighter interception and radar 
control to the 1 1th Air Division at Laird AFB. !: was only on 17 July, eight 
days after the eruption, that the three Eimendorf fighter-interceptor squad- 
rons returned to normal operations. For all practical purposes, Eimendorf 
AFB was closed to air tiafiic from 9 to 1 7 July, The eaa-west suuway was 
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Figure L Location of volcanoes in the area of Cook Inlet (solid 
triaagles) and places mentioned in the text. Eimendorf Air Force 
Base is loci^ irar Aischor^e. 

cleared for emergency flying oniy. Aircraft landed, but had to ijjimediately 
cat off engines while on the rauw^ before being towed to ths bsa^. T!» 
reverse procedure was sjsed ifiw «ij«i^y taiceoffs to redaee (sqxj^iK of 
the aiiirianes to fi» pervasv« daa. 

The cleanup operation produced many engineering headaches. The soft, 
clinging ash first had to be cleared from al! aircraft suifaces, taxiways, na- 
ways and {wfldi^ camp:.. All moving parts, air imSass, iK»essoiy eases, 
filters and seasetK required thoroagh cleaaiisg to pieveat «8tosso!s and 
contaranatkm. 

A toKk-inotaaed Jet engine, originally designed to remove ice from raii- 
(oad tacks, proved to be the nsost useful too! in clearing ash from large 
swaths of ground; for exas^ie, within 40 hoars ftis jetWower cleared 
some 440,000 of pavemesa at tise Anchorage International Airport. 

There are m known records of commercial airaraft 
being affected. by. fe. .9 Itily emptioa <s6,-^M. SpSB. As 
became clear after encounters between volcanic ash and air- 
craft at Galuaggung, Indonesia, in 1982, and more recfflsfly 
at Redoubt, propelte-driven airplanes lhat operate st low 
^ine temperatures fere imich better &an m severe, 
dasty conditions. 



AUGUSTINE VOLCANO, 1976 

Augustine Volcano, located in lower Cook Inlet (fig. 1), 
erupted in January 1976 after 12 years of dormancy (fig. 2). 
Sub-Plinian eraptiom occurred from 22 to 26 Jamiary and 
spread ash generally northward and eastward over the Kenai 
Peninsula, with fine ash falling as far away as Sitka, 1,100 
km (684 mi) downwind (Kjode and Shaw, 1979). 
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Figare 2. Augustine Volcano in eruption on 6 February 1976. Photograph from the west coast of Augustine 
Island, courtesy of Gary Guakel. 
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One of &e 22 January Augustine eruptions occurred in 
the midst of a U.S. Air Force defense exercise. Reports of 
greatly reduced visibility were received from pilots in two 
F-4E Phantom jets flying in formation through an eruption 
cloud. These observations were used by Kienle and Shaw 
(1979) to estimate the minimum mass concentration of par- 
ticulate material contained in that emj^on cloud. No 
mechanical problems or serious power loss were reported by 
the pilots. The following is an excerpt of a report by the two 
F-4E Phantom jet pilots who had taken off from Galena, 
Aia^a, on 22 January 1 976, heading south for Kiag Salmon 
(fioim KJenle and Shaw, i979; U. S. Air Force, 1976): 

Tie two jets ftjiii^ in dood^ erasing at 9 to (3 1,<KK) ft). We wei« 
stil! in the weafter when sadd&riy at 14:30 AST fte ordtaiy gay clouds 
sHghtsy darkened for a momer;: or two. then there was instant complete 
darkness. There was no turbulence associated with *Jiis darksess. The two 
jets were f.yir.g ir, cicsc formation about 10 meters apan. Had the lead 
plane not irnmediatcly feimcd on its lights, the following pilot would have 
lost contact; he could barely see the iead plane 10 meters away with its 
lights on. Upon landing in King Salwm, the cai»py of the aitciaft was 
se^ to be scouted, and, tise paail at the wing tips was sandblasted off. Vary 
fine, Jeweters-rotsge-eolored material was ingested into the cockpit throt^ 
iiie engine air in^iss. "Hie materia was sticJty and was found in evWy 
nookandciaaafny of the planes. .:. :. 

A second incident concerns three Japan Airline jet air- 
planes en ronte to Tokyo <m flie aftenuxm of 25 Janaaiy 
1976. As recounted by Mr. K. NopKhi of Japan AHk« 

(Kienle and Shaw, 1979): 

After cargo flight JL 672 took off from Anchorage at 16:00 AST, the DC-8 
was about to reach its cnrising dtitade of JO km (33,000 ft), 25 lainutes 
after takeoff, travdisg jilong air route J-501 when it suddenly encotrntesed 
an ash clossd near Whitefish Lake, (25 km southeast of Spartevohn). llpoa 
laadsi^ in T<kyi> ti« s«»awl :C«aer wind^eld h^w be K3^t<»4 lA>db 
ash had idtered to ti» ^ims and i^igte i^xasxm dnsage was &md oa 
emiml tst&o psrts, litndi!;^ geas m& ite ar«c<»dffioning ^stem, tat 
none of ^%se pam mede& to be m^istsxd. 

Two other fmseager planes, a Boeing 747 aad a BC-8, 
also bound for Tokyo and departing within 1 hour after 
flight JL 672, reported ash suddenly adhering to the piaaes 
at craismg aMterfe (dboot 10 km) near Sparrevoto, wWdi 
also caused minor damage bat iKrt as extensive as tiat to the 
DC-8 flight JL 672. 

Kienle and Swanson (I'^S), in a report on volcanic 
hazards for Augustine Volcano, discussed the hazard of vol- 
canic ash to aircraft and delineated very high risk, high-risk, 
laoderate, mi low-rii& hazard zoms in the vidirity oi 
Augustine Idasad. 



AUGUSTINE VOLCANO, im6 

Augustine cmpted again in 1986, with strong eruptive 
activity concentrated in the period between 27 and 3 1 March. 
TTte seqij®cK» of ev«*s was fflmlar to the 1976 mii^oii, 
with an initial, highly explosive vent-opening phase lasting 
4 days, followed later in the year by less explosive activity 
associate with &e extiusion of a new lava dome (Swanson 



and Kienle, 1988). The eruptive Cj^cle ended in September 
1986, but from April on, the eruption did not present a sub- 
^ntial :hazaid to .^lait. 

Daring the March 1986 eruption of Augustine Vol- 
cano, airborne ash again presented a hazard to aircraft oper- 
ations throughout the Cook Met basin ssd to airports in 
Anchorage because of predominantly southerly winds 
(Yount and others, 1987). The eruption was anticipated by 
Alaskan volcanologists (Kienle and others, 1986; KieiJe, 
1986), aad T. Millei aad M. E. YaisA of tte U.S. Geoiogt- 
ai. Smv^ office in Aackwage held briefings with the Fed- 
ml Aviation Administration (FAA) and the U.S. Air Force 
cm 18 Maoh 1986, 9 days piior to the eruption, to warn 
aixmt she po^bility of aa eruption and lie consequences to 
aircraft operatooas- 

Early on the morning of 27 March 1986, just after the 
eruption had begun, the U.S. Air Force evacuated planes 
from Anchorage and kept them away until 30 March. Even 
though the Anchorage International Airport was never offi- 
cially closed during the most explosive phase of the eruption, 
most commercial carriers either canceled or diverted their 
Anchorage flights between 27 and 29 March. 

Hie following is a summary taken from Aviation Week 
SBsd Spi(x Technology (1986): 

From Match 27 to 29, air canr^r service to Ancta^ was nearly at a 
standstill. Subsequently, the wind shifted to a northeily <fire«tson carrying 
the ash away from the Cook Itilet bowl, now aftccting the airline traffic 
between Anchorage and airports at Kodiak and King Salmon. Volcanic ash 
generally stayed below 1 5,000 ft (4.5 km) but a sesKsger ar^an <m. KJasch 
3 1 sent an ash plume up to 30,000 ft (9 km). 

';M3d«t>>M;lix«s&td^9S[imi<^><»t>i^Nhl^^ ont 

AnohOMge arrivals aad depamsres. Twenty-seven to 29 March, a» 
Anchorage stop of the airline's Seattle-Anchorage-Fairbanks flights, com- 
ing and going, were deleted. Western Airlines canceled all of its flights to 
and from Alaska 27-28 March and flew some flights on 29 March. United 
.Airlines, Northwest .Mriines and other international carriers that fiy from 
Europe and Far East Asia over the North Pole canceled service during the 
worst a^ conditions. Uni^d canceled 35 flights between 27 and 29 March. 
Lo«tf cWmmitar airplane traffic b«w^ Anciioai^ and ti» Kenai Penis- 
atla also was !atge!y slnu Semn and &e Fedemi Avk&Hi Agm;^ [^} 
(FAA) teoiKsarily dot down ^ s^-joiate saveSteee ta&ix » Rena &r 

m0 ^!^Sf&- ^^^J^|^l&Pi»^::m::3iJ«teb:ll^ IfOffi tilS 

ah- owwKa of*e'€!o«lf Wwta^'mi mrtad asropeKfttoss tesimed. 

CONCLUSIONS 

A ccHsparison of the en^tioas of these volcanoes dem- 
cmarates that, as we leam tol^e wife the high activity level 
of Cook Inlet volcanoes, wc improve our ability to cope with 
die problon of vokamc ash and aviation safe^. Air traffic 
has merest AamaJicaHy in Ateka since fte eruption of 
Mt. Spurr in 1953. High-bypass, turbine-powered jet aircraft 
have replaced larger, propeller-driven passenger planes; 
botit fectons inc«ase tie risJc of danger fem encoanlering 
airborne volcanic ash. On the other hand, fee volcanological 
community in Alaska has come togefeer since 1953. The 
1953 Mt. Spun- eraption caught everyone off-guatd, bttt we 
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were better prepared in 1976 and 1986 for the Au^^ 
eruptioBs, having isstnimented feat volcano with radio4dte- 

with the aviation community were held by U.S. Geological 
Survey volcaaoiogists 9 days prior to the onset of the emp- 
ti<»ii ^ i^sidyzsd m m Cook IsM -for 4 days. S^otf- 
icantly, there were no encounters of aircraft, either private or 
military, with volcanic ash during the most vigorous phase of 
tite 1986 Ai^iiE$!i3^ em^m. 

The close cooperation among voicanologists of the U.S. 
GeoIogi(^l Survey, the Alaska Geological Survey, and the 
University of Alaska, Fairbanks, that had <ievelq>ed during 
the 1986 Augustine eruption was formalized in March 1986 
with file founding of the Alaska Volcano Observatory. Since 
feai, AVO has in^rumented all four Cook Inlet volcanoes 
wi& at least four seismometers at each volcano. In addition, 
temotsly controlled slow-scan television cameras have been 
installed to c<mtimioas!y observe Mt. Spirr and Rc^i&t 
Volcano, and we have plans to do the same fear Augti^tiiie 
Volcano. Satellite surveillance of the voicaaoes and eniptive 
plumes has beconte routine at *e AVO laboratory in Fair- 
banks (Dean and others, this volume), and an array of light- 
ning detectors can track electrified plumes in Cook Inlet. 
Radars and teievision cameras have be^ ised to trade rising 
en^tton columns and their dispersal by wind. 

During the two recent eruptions in Cook Inlet at 
Redoubt Volcano (1989-90) and at Mt Spurr (1992), AVO 
went on 24-hoar watches for several montJis. Communica- 
tion with the cairim and Federal agmcies involved with air 
traffic (Fodersi Aviatskaj Administration, Nationai Weather 
Service) were increased and resulted in the production of 
daily updates on the status of the active volcano and the fore- 
casting of potential piamc trajcctori^ every 6 hems (or more 
often during active phases <^ osgoing «m|rtioss) (Muiray 
and others, this volume). 

in spite of the better level of preparedness in recent 
years, th©re was a liear fatal encounter of a Boeing 747-4(K) 
with an ash plume of Redoubt Volcano on 15 December 
1989 (Casadcvall, in press). The aviation and volcaaology 
communities in Alaska must jointly arive to avoid any otiisr 
escousJ^ of this type. 
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MITIGATION OF VOLCANIC ASH EFFECTS ON AIRCRAFT 
OPEEATMG AND SUPPORT SYSTEMS 

By J,R. Labadie 



ABSTRACT 

On 18 May 1980, Mount St. Helens erupted, covering 
50 percent of Washmgton State with approximately 1 km^ 
of ash. Government agencies, airports, utilities, and private 
corporations within the impacted areas were all forced to 
cope wift ash deposits ranging in depth from 3 mm to 75 
mm while maintaining essential services and carrying on 
normal activities. Volcanic ash is abrasive, mildly corro- 
sive, conductive (especiaHy when wet), and may carry a 
high static charge for up to 2 days. The ash is finely 
divided, easily entrained in the air by wind or vehicle 
movaaeiA, and may temmt suspended for many mmt^ 
Due to the combination of these qualities, volcanic ash is 
pervasive. Techniques for reducing the effects of volcanic 
as!! Z!C& basically "low tech" aad cm be pmped into three 
broad categories: keeping the ash out, controlling what gets 
in, and disposing of the ash. Mitigation actions will be 
i:equiied 0!i,a..c<»itiiHi<ms.,.b£^$.as...I(»tg .as.,8^ i&.pi»sent 
Effective mitigation depends on prior planning and pFq)a- 
lation, mobilization of resources, and persistence. 

MmCH>UCTIOIM 

This report ad<feesses techniqijes for mitigating the 
effects of volcanic ash on selected categories of critical 
e<p%mfiatt. It is based on information developed and experi- 
ence gsdaed wiii volcanic ash Mo«t produced during lie 
eruption of Mount St. Helens in the State of Washington. 

On 18 May 1980, Mount St. Helens erupted, covering 
50 pffitcfflit of Wadbisgton with apptoxiinrtely 1 km^ of ash. 
AMo^^ 19 of 39 counties in the State received some volca- 
nic asji, five eastern counties were severely impacted. Gov- 
ersasMBt ^©sjcles^ airports, Btiities, aM private c<xpGts&m& 
were all forced to cope with ash deposits ranging in depth 
from 3 to 75 mm while maintaining essential services and 
c<Hitinu!iig Bormal activMes. A revfew of fte awtele liter- 
ature (damage survey reports, newspaper and magazine arti- 
cles, and Federal and State agency advisories) formed the 
basic groundwork for fliis r^rt. Iii-depft interviews with 
e<}!aipii(?nt„,,iiseis,, ,ssrvi<«, CQ3X|>a&ies^. ai^rt,. opecators, 



utilities, and others impacted by the ash elicited detailed 
information on ash-related damage and on methods of deal- 
ing with the ash. Research for this article was originally con- 
ducted under the sponsorship of the Air Force Office of 
Scioi^lic Research and dte Def^e Advanced Research 
PriQi?^ AgejKiy <L^?aie, :19S3). 

EFFECTS OF VOLCANIC ASH 

Volcanic ash is abrasive, mildly corrosive, and conduc- 
tive (especially when wet) and may also carry a high static 
charge for ap to 2 days after being ejected from a volcano 
(Heiken, this volume). The ash is easity resuspended by 
wind or vehicle movement and may remain suspended for 
many minutes. Due to the combination of these qualities, 
volcanic ash is pervasive. It can penetrate all but the most 
tightly sealed enclosures, and it can be voy diffioilt to 
remove from electronic components. 

Adb dqjosited on electronic components can cause arc- 
ing, short circuits, and intermittent failures because it is caa- 
ductive. High-voltage circuits and components are especially 
vulner^e. Adi dampened by rain can cause arcing, fiash- 
overs, and pole fires on electrical-distribution systems. 
Resulting outages may hamper mitigation efforts that require 
electrical power. 

The ash easily absorbs water and can weigh up to 
1,400 kg/m'^; water-laden ash may coMaj^ or damage flat 
roofs. Wet ash is very slippery and cm cause traction prob- 
lems. Dry ash, when Mown mto ti» iair, reduces visibility 
and piles up m roads, runways, and taxiways. Ash must be 
physically removed and controlled ate renoval to fsevcnt 
reentairunent. 

Moving parts are subject to abrasion damage from vol- 
canic ash. The ash is attracted to and entrained in any 
ej^o^d lutdcan^ tes, al»asicst effects wiM ccmtintite even 
after the bulk of the ash has been removed. Bearings, brakes, 
and transmissions will wear out very quickly. Computer 
disks, disk drives^ and heads are very ssntsi^ve to abrasion 
and im. j^Uy damj^ed by MSk. adcMcm^ ash acbering to 



125 



126 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST iNTERNATIONAL SYMPOSIUM 



painted or polished surfaces will scratch and SCOIH' &e mi~ 
face unless it is removed carefelly. 

Fillers m m femSng mi comber s:ysf^s may 
become dogged with ash to tto fKEast that airflow is com- 
pletely stopped, leading to eqmpmem overheating. Clogged 
filters msy collapse and severely oortaMiarte &m irteraial 
environment. Additional filtration can reduce ash penetra- 
tion, but only at the cost of reduced airflow to critical equip- 
ment Fiteatson systems that incorporate ceB&ife^ 
sep3rst(HS otn handle ash much more easHy. 

VOLCANIC ASH MITIGATION 

Techniques for reducing the effects of volcanic ash can 
be grouped into three broad categories: (1) keeping the ash 
oHt, (2) coafroWag wfeM gi^ in, md (3) disposing of ^ Ssh. 
These categories arc more illustrative than discrete, and 
some mitigation techniques will apply in all three cases. Mit- 
igation actscoss will be required on a continuous basis as long 
as ash is present. Settled ash is easily reentrained, and a 2- 
mm layer can be as troublesome as a 50-mm layer. 

The most effe<^ve t&c^miqae for r^fiidmg asfe-Kslated 
damage or upset to equipment is to avoid using the equip- 
ment: shut down, close up, keep inside, or seal the area until 
the ash can be removed. Tlsas tactic is accqpt^le only for 
short periods of time because operations must be resumed at 
some point. In any case, disposal techniques will not elimi- 
nate all of the ash. A residue will remain on the ground and 
will be blown into the air by wind, passing vehicles, and air- 
cfarfl taic»f&. flsis, as accelerated and intensive program of 
ia^^sectics!, maintenance, cleasiBg, md monitoring will be 
necessary during and after the main part of ash deposition. 

Cleaning the ambient air — and keeping it clean — is the 
key to reducing operation and maintenance problems. Blow- 
ing ash off of a ciicsit board is useless if the ash is fine 
enough to remain su^>en<led for several minutes. The diffi- 
culty of attempting to perform maintenance tasks in an 
already a^-contaminated atmosphere is obvious. "Clean- 
room*' pxoce&stes cm be used to isoMs m SMroa aad keep it 
free of ash, but only under ideal circumstances. Some equip- 
mmt — ^aircraft engines, for example — are too laige for such 
freatm^it. Tents or tarps can be used to reduce gross contam- 
ina^on. However, fine particles can penetrate very small 
openings and seams; it is this property that makes fine parti- 
cles so dam^kg to critica! equipment 

Some mitigation procedures may cause additional prob- 
lems or may actually be counterprodactive, dqjetidiiig on the 
dfciffii'staijces. For example, gddiag filtration to awmpater 
system will reduce the amount of ash contamination, but it 
will also decrease the air flow. The resulting rise ia temper- 
ature diasjge the opetsAng characterisics of sensitive 
components or even cause damage. Adding a larger fan 
would increase the air flow, but not all computers, especially 
smaller units, can be e^ly modified. AiK>th©r example is 



tiie use of moisture to control ash. Wetting carpets will 
aaSF^se relative humidity and help to keep the ash down; 
Iwevar, wet or ev« dteq) vokmnic ash is condactiw. 

No single technique will be absolutely effective; a com- 
bination of techniques has been found to provide the best 
it^uksfoFm:B$a^^ vdba3iica^. €£fflst2mt monitorii^ aaid 
reassessment of ash effects and the mitigation process will 
be required to achieve the most effective balance betwe^ 
opera*i<Hidl nsquirmjents and tiie desired levd of cten^e 
limitation. The following sections summarize ash mitigation 
techniques for selected aircraft and support systems. 



AIRCRAFT SYSTEMS 

The basic mitigation tactic to protect aircraft systems 
is avoidance of exposure to ash. The airports and airfields 
^urveys«i after the Momt St Helens eruption siiBpfy :*ut 
down for the duration of the ash problem or until the ash 
had been removed. Airlines rerouted traffic away from ash- 
im|)ac^ed<aEp^EtSv 

Sealing aircraft seams, ports, vents, and other open- 
ings with duct tape will keep out the bulk of the ash, espe- 
cially if4he mcn^ is eiKier cover. Maintaiiang positive 
pressure within aircraft components would help to keep ash 
out, but it is difficult, if not impossible, to pressurize an air- 
craft on the gtotmd witisout damaging ground equipment 
Techniques include: 

• Blow or vacuum ash before washing; otiherwise, ash 
:te8Kis40:i w=ai0^)«BEt%^ffiE^-»«@B^;>«atfeeeSi ^ 

• Ffaijorw^hie^dEK. Done* senior swec|>. 

• Wash gear, unfesi&i, air-condBtioning iaM:es, and 
engines. 

• Chedk pH of aircraft/engine ssiriaces for acidity. 

• Neutralize acidic residue by adcSng petroleum-based 

solvent to wash water. 

All of the above techniques require large amounts of 
time, manpower, and equipment. All have sigiiificaBt el8e<as 
on the level and scope of continued operations. These tech- 
niques were tried under conditions of greatly reduced oper- 
ating levels; however, there is some question as to their 
effectiveness during normal (or near-ncaraaJ) opexsrfions. 
F<» example: 

• S^ijag m »50E3j| woi^^ ^e 4— 5 hmm^ mi temov- 
ing all seals and tape would take 1-2 hours. It is very 
hard to seal an aircraft completely because of numer- 
ous potts, vents, seams, and j<Hi^. 

• Ash buildup in or around hatch seals c<^d cause pr«- 
surization problems. 

• Fuel taiic vents must be open dtmsg loading, micM- 
iagi and transfer of fuel. If vents are plugged=witit" 
asSi, or if sealed, the tank could collapse. A 4-5 psi 
vacuum is sufficient to <aase collapse. 
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RUNWAYS 

If aircraft operations are not suspended, runways must 
be.iK^ssaaliy cleaned as asii is resiiS|?ewleii by vyind, air- 
ism& tJi:eoff, and groimd veWcle movement. Hiere is some 
disagreement on the proper use of water in cleaning run- 
wsys. Some sources felt that water turns the ash to sludge 
(or causes it to harden), whereas others found it impossible 
to control the ash without wetting it first. Open-graded (pop- 
corn surface) runways are to some extent ^If-cleaning 
because 8xe engine Mast on takeoff will Wow ash od* of crev- 
ices. Basic techniques include: 

• Wet ash witii water tiBcks, 

• Blade into windrows, 

• Pick up with belt or front-<»d loaders, 

• Haul to dump areas, and 

• Swe^ and i^ush residue. 

• Sweep/vacuum ^ fysi, tjKii fissh with wMer (h&st 
fornsnps, etc.). 

• Push adi to runway e^e and plow under or cover 
with binder such as Coherex or liquid lignin. 

• Install sprinklers along edges of runway to control 
resuspensi«a of ash fiorn aircraft engine blast or 
wing-tip vortices. 

• Keep residue wet on taxiways and ramps. 



LANDING AIDS AND 

AIR imAFMc commh 

IHx3toA»-of landing aidS"2m#«'tiailC'CCftifeK:^ sys- 
tems will require periodic cleaning, maintenance, and mon- 
itoring. Also, turning off unnecessary equipment will 
r^ce exposore. Exposed li^ and indicator systems, 
radar antennas, and any equipment that requires cooling air 
are especially vulnerable to ash contamination and damage. 
InterraistiOR of commercial power supplies will require 
backup generators, which are dto vtafemble to dam- 
age. Techniques include: 

• Replace antennas that have Teflon insulators. Because 
ash is hard to remove and will cause shorting, ceramic 
insulators should be used, 

• Seal relay boxes and remove ini&stomits and light 
systems to prevent ash entry, 

• Increase cleaning and maintenance of systems that 
cannot be sealed or that require cooling air, 

• Vacuum or blow ash out and clean relays with contact 
dealer, 

• Use high-pressure water wash on exposed aiaenna 
rotor bearings and then relubricate, 

• Cover exposed pints, s&sm$, and bearings, 

• Seal buildSngs, confao! access, vacuum shoes and 
clothes, and 

• Reduce operating levels: shut down unused equip- 
ment, reduce broadband displays to a minimum, and 
reduce cooling and power comampticBa. 



GROUND SUPPORT EQUIPMENT 

The consensus of those interviewed is that ground sup- 
port equipment is the key to flight operations. If ground 
support equipmettf is fflKervjceaeble becaase of ash, aircraft 
cannot be launched. Unfortunately, there are more prob- 
lems than solutions in the ash contamination of ground 
ecppnent. 

Gas turbines, air compressors, and air conditioners 
operate by ingesting large volumes of air. This equipment 
has only coarse filtration (or none at all), and extra filtration 
cannot be added without impacting operation. Using air con- 
ditioners to pressurize aircraft compartments would only 
blow ash into fte aircraft and ruin the air conditioners in the 
process. Techniques include: 

• Constant cleaning and maintenance, 

• Do iK»t wash equipment, because water turns ash to 
sludge and washes it into the equipment, 

• Vacuum equipment, 

• Change oil and filters more often, and 

• Qiange design to include better filtration. 



COMPUTER SYSTEMS 

The most widely advised damag&-pi«vention tactic is to 
shut down all computer and electronic ^^ems until the ash 
has been compl^ly removed fiom the area and ftom the 
equipment. Computer heads and disks, and any high-voltage 
circuits, are especially vulnerable to ash upset and dam^e. 
Ash on digitsJ circdts will not caasa ssmcfe of a psroHtesn 
because of the low voltages involved. High- voltage or high- 
impedance circuits are very vulnerable to leakage caused by 
semiconductivc ash. AsJi Shat is acidic is conductive as well 
as corrosive. Continual cleaning and aggressive protection of 
computer systems should allow for continued operation in all 
batftie heaviest ash fallout. Techniques include: 

• Clean and condition surrounding air to keep ash out of 
equipment. 

• Cotton mat filters used in clean rooms were found to 
be best for filtering particles, but they xedsice air flow. 
A solution is to use larger fans to maintain required 

air flow. Rack-mounted equipment can be modified 
to add a iaiger fan, but smaller instruments or compo- 
nents with a built-in fan would require a design 
change to increase fan capacity. 

• Use fluted filters as a compromise; this increases 
SBuface area, bat redacts air liow by only about 20 
percent. 

• Humidifying ambient air (e.g., wetting carpets) will 
te!p to coittrol ash reentrainment. 

• Ash on eqaipnent can be blown out with compressed 
air. If tibe air is too dry, stadc dischaige could damage 
sensitive components (e.g., integrated circuits). If the 
air is too damp, the ash will stick. Relative humidity 
of 25-30 percent is best for compressed air. 
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• QeaifflRg widi a pesswized mixtee of water and 

detergent and using a hot-water rinse is quite effec- 
tive; however, this process reqaires at least partial dis- 
as^mbly. 

• Ash may have a high static charge and be hard to dis- 
lodge, thus requiring brushing to dislodge particles. 

• Ac<»te8te filter cto^; use piX^^im. 

• Change to absolute filters; ftese will keep oat pai€« 
cles down to 1 ^im and smsAer. 

• Re^ comptiter pawee m for filtmtios, Imt <k> 
operate, especially disk drives. 

• Maintain room-within-a-room configuration, restrict 
aco^ msmxMe ak, md SMxeimte d^ttit^ of tli^ 
critical area. 



EABAR AND OPTICAL SYSTEMS 

Most radar equipment in the beaK^ ash-fall areas was 
shut down for the duatiooa of wvere ash costamiii^cm. 
Thus, few problems were re«OTdted aside firois dbamip aad 
centre! of residual ash. The simplest mitigation tactic is to 
cease operations. Techniques include: 

• Repair and clean highrvoltage caroaits. 

• Wash antenna rotor Ixariqgs, rdtiWc^ and cover 
ejqposed bearings. 

• Ash on optical compm«tts sho»id be blown away or 
washed with copioas amoants of water. Do not wipe, 
brash, or rub, as tiiis wiH abrade the optics. 

• Take care not to w^h ash into optical-instrument 
mounts on aircraft (e.g., sextant). 

• Tom off nonessential radar equipment to reduce cool- 
ing load and p&w& r&qmmm^. 

• Transfer radar coverage to o&er ^lities; combine 
sectors. 

• Rffitnove md repi^ camera bearings and clean gear 
drives. 

• Protect video tape from ash because it will cause 
"(frop-outs'* and scratdics. 



facilities to determine wtiic* would be most impact^ 

by ash, which arc adequately protected, and wMdh 
need long-term or expedient modification. 

• Develop a priority list of facilities that must be kept in 
operation versus those that can hs closed or slait 
down for the duration of ash fall, 

• Ensure hazard-alert and informatioa chanaels are 
properly nmntaiaed wife iJie "U.S. Geological Survey 
(USGS), Federal Emergency Management Agency 
(FEMA), the National Weather Service (NWS), local 
news media, and State and locsd governments. 

• Establish plans and procedures for alerting and noti- 
fication, reduced operations, accelerated mainte- 
nance, protection of critical facilities, and cleanup 
anddispc^ai. 

• Alert air traffic controllers and airport operations per- 
sonnel to notify aircraft as soon as volcano "watch" 
and "vrnnmg" notice are received. Normal air traf- 
fic and weather radars cannot detect lower, but poten- 
tially hazardoiK, ^h-density levels; therefore, 
reMvely tege "fceqp-out zones" should be ^tab- 
lishcd at night or during bad weather once the warn- 
ing notice is issued. Personnel should also be alerted 
to tihe esxistimse of Mloiit beneafe tfee clouds arid 
severe lightning conditions, etc. 

• Stockpile spare parts for critical equipment, filters, 
and cleaning and disposal equipment. 

• Plan for extended cl^aitip and maintenance activities 

including 24-hour operations, augmentation of %e 
work force, and training of cleanup crews. 

• Ensure that sufficient water and backup power is 
available to sipport cleanup opersiiom, ^oald mx- 

mal supply sources fail. 

Ash cleanup operations may continue for weeks or 
monllis if imiffiple emptions occur. Efifective mitigation of 
volcanic ash ^f&As ctependb m prior planning and prepara- 
tion, mobilization of resoarces, and persistence. 



PLANNING FOR ASH MITIGATION 

TecfcBi<p{es for redwing the impacts of volcanic ash are 

basically "low tech" and depend more on procedural 
approaches than on technical fixes. Also, they are quite 
labcH" and resource intensive. Normd stock of daily-ise 
items such as filters, lubricants, spare parts, cleaning sup- 
plies, etc., may be expended much faster than they can be 
replaced ttew^ fee normal reordering process. Prior plan- 
ning is necessary to reduce the severity of ash effecte. Plan- 
ning actions include: 
• CoEKiiict a vuteoability anafy^sis of equipment and 
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IMPACT OF VOLCANIC ASH FROM 15 DECEMBER 1989 
REMUBT VOLCANO ERUPTION ON 

GE CF6-80C2 TURBOFAN ENGINES 

By Zypxmnt J. Prza^^lski and Thcwnas J. Casadevall 



ABSTRACT 

The 1989-90 eruptions of Redoubt Volcano, Alaska, 
and the near tragedy on 15 December 1989 of KLM flight 
867, a Boeing 747-400 aircraft powered by General Electric 
(GE) CF6-80C2 engines, underscore the Urnst to aircraft 
safety from volcanic ash clouds. 

An eraption of Redoubt at 10:15 a.m. Alaska Standard 
Tme (AST) produced an ash-rich eruption column feat 
cliiEti(l5ed'to approximately 40,000 ft altStudfe. WiM Speeds at 
high altitudes at the time were 100 knots fi-om south-south- 
west At 1 1:46 a.m., KLM flight 867 entered the volcanic ash 
cloud at approximately 25,000 ft altitude, 1 50 nautical mSes 
northeast of Redoubt. Immediately the aircrew increased 
power and attempted to climb out of the ash cloud. Within 1 
mintite, the four engines decelerated below idBc. The idrcraft 
descended approximately 13,000 ft before the crew restarted 
the four engines and resumed flight to Anchorage. Even 
&ou^^ titere were no !Bjari€S :S» |ms<mgas, lfe« dfemage-'to 
engines, avionics, and aircraft structure from this encounter 
was significant Similar engine thrust loss and engine and 
aircraft teiage vm experieiKsed tuy two Bodaig 747 airaraft 
dudng 1982 voicaaic eruj^oas of Galimggung Volcar© in 

The fHiraary cause of engine tlirust loss in fliese events 

was the accumulation of melted and resolidified ash on the 
stage-! -turbine nozzle guide vanes. These deposits reduced 
the effective flow of air through the engine causing com- 
pressor stall. Reduction of thrast level while in an ash cloud 
significantly reduces the rate of engine-performance 
di^radaticeQ. 

STATEMENT OF PROBLEM 

The loss of thrust on ail engines during an approxi- 
mately I -minute exposure to the Redoubt volcanic ash 
clotid could haive lesalted in a major te^edy. Forttsi^ly 
the alert flight crew was able to restart all engines and 
make a safe landing at Anchorage. The events preceding 
aiKl ^l»e<p^t to €)e cloud encounter and &e engines' 
les^se and pit^sical a^Kfidons we^ analyzed to Idec^fy 



procedures that would r^ce fee probability of future 
occurrences of similar events, which threaten flight saf^. 
Additional discussion of the Redoubt activity and its effects 
on aircraft operations and airplane damage my be found in 
reports by Biantky (1990), Campbell (1991), Casadevall 
(in pn»s), and Steenblic ( 1 990). 

METHODS OF STUDY 

The following data sources were used to reconstruct the 
event, to establish the specific cause(s) of thrust loss and to 
recommend appropriate preventive^coiiectivc actions: 

• Interviews with and dements from lite fligfe crew of 
KLM flight 867. 

• Tape recordings and transcripts of radio communica- 
tions between air traffic controllers and KLM flight 
867 and other flights in fte Anchorage area prior to 
and'dtamg the event 

• For^asted arf m:oT^ wind aloft date. 

• C%ital ffight-data recorder (DFDR), aircraft condi- 
tion monitoring systems (ACMS), and the non-vola- 
tile m^nory (NVM) of ti^ engine full-aafeority 
digital electronic controls (FADEQ. 

• Event descriptions and findings from other air- 
craft-volcanic cloud encoraiters. 

• C¥$-&K2 engine steady-state and transient operating 
^ ciiSsSIiies with normal and degraded component 

efficksdiss. 

• On-site (Anchorage) extosa! inspection of tihe ainataft 
and all engines and borescope impection of en^n^ I 
and 2. 

• Complete analytical disassembly and inspection of 
engine 1 at the K LM maintenance fedlity at Schiphol 
Airport, Amsterdam. 

• General Electric experience with ©ngiE^ reposed to 
sand/dust environment is fee field and during con- 
trolled factory tests. 

• Analysis of sample of volonic a&h recovered fit>m 
fee fotur et^ines. 
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Estimated time of entry 
into ash cloud \^ 



Blaise* 1. Map showing flight path of KLM 867 (heavy solid line) 
and lanfe of detectable ash fall (heavy dashed lines) from 15 De- 
canter 1989 era^bn of Redoabt Volcsno. Nwabeis on map, ex- 
pWaed below, are ksyed to pr^^pai events for iCLM fli^t 867. 
AST, Alaska Staisdani Time. 1 , 1 ! :40 AST, airplane begins descent 
from 35,000 ft; alters course to avoid ash cloud. 2, 1 ! :46 AST, air- 
plane encounters ash cloud at 25,000 ft 3, 1 1 :47 AST, airplane los- 
es pov^er c^ all fisir atgines after climbiag to 27,900 ft. 4, 1 1:52 
AST, airplane engSE^s I aad 2 restart at 1 7,200 ft. 5, 1 1 :55 AST, air- 
plane engines 3 and 4 restart at 1 3,300 ft; flight is resumed to Aa- 
chorage. 6, 12:25 AST, airplane lands at Anchorage International 
Aiiport Map modified from Casadevail (in press). FHght-route data 
provided by National Transportation Safety Board ( 1 99 1 ) and FA A 
Flpt^ai*&d Division, Anchorage. Ash-fall data modified from 
Scoa aad McGiissey (in press). 



F%ure 2 (facing column). Encounter of KLM flight 867 with ash 
ftom Redoubt Volcano, 1 5 December !9^: rngjaae and aircraft pa- 
rameters (engine fuel flow, exhaust-gas temperature (EOT), core 
speed (N2), fan speed (N 1 ), pitch angle, airspeed, mi aRitude) firom 
cioud esay to &i«M)wn. AST, A!a&a Stand^d Time. 
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EXPLANATION 
■ Engifte 1 • Engine 3 
□ Engine 2 O Engine 4 
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Figore 3. Dark, glassy deposits of remelted volcanic ash on lead- 
lEg edge of stage- 1 Mgh-pressure-turbine (HPT) nozzle guide vane 
(NOV). 




Figiire 4. Leading-edge deposits dislodged daring disassembly of 
stage- 1 high-pressure-turbine (HPT) nozzle guide vases (NGV's). 



RESULTS AND OBSERVATIONS 

A major eruption of Redoubt Volcano occurred at 
10:15 a.m. AST on 15 December 1989 and lasted for about 

1 hour. This was the third large eruption from the volcano 
on this day (Brantley, 1990). At 1 1:46 a.m. AST, while lev- 
eling off at an altitude of 25,000 ft, KLM 867 entered a 
heavy volcanic cloud. Maximum power climb was selected 
and approximately 1 minute later, after climbing to approx- 
imately 27,900 ft, all engines decelerated. Engines I and 3 
decelerated to sub-idle core rotor speed (N2), while engines 

2 and 4 settled down at 80 percent N2 for approximately 20 
seconds before decelerating to sub-idle N2. The time 
sequence of events is shown on the annotated aircraft flight 
path in figure 1. Aircraft and engine response during this 
critical period is shown in figure 2. 




TRAILING-EDGE SLOTS 

Figure 5. Sketch of deposits on stage- 1 HPT nozzle guide vanes, 
based on borescope inspection of engine i . 

The location of the ash cloud (154 nautical m.iles from 
Redoubt on 217° true heading) was consistent with the fore- 
casted and pilot-reported winds aloft and with the ash release 
at the beginning of the eruption cycle. Prior to the encounter, 
the exact location of this cloud was not known by the crew 
of KLM 867. Pilot reports (Pireps) and radar data available 
to Anchorage air traffic controllers indicated either the pres- 
ence of m.ore than one ash cloud and (or) a large dispersion 
of the main cloud resulting from the high velocity gradient of 
winds aloft as a function of altitude. 

The fire warning bell and the displayed message 
"CARGO FIRE FWD" occurred shortly after engine decel- 
eration and was interpreted by the Captain to be a false mes- 
sage. This was confirmed by inspection, which showed no 
evidence of compartment fire. 

The engines' operation during the high-power climb 
was consistent with rapid reduction of the stage-! nozzle 
guide vane (NOV) flow area and associated reduction in 
Mgh-pressure-turbine (HPT) efficiency. Approximately one- 
half of the maximum deterioration was still present follow- 
ing the successful restarts. Visual inspection of the number 1 
engine revealed thick deposits of melted and resolidified ash 
material on some of the stage- 1 NGV's (fig. 3). These depos- 
its were brittle at room temperature, and many pieces fell off 
during engine transportation and disassembly (fig. 4). The 
remaining deposits could be easily removed by hand. It was 
inferred that these deposits built up to maximum just prior to 
engine deceleration and gradually became dislodged during 
the start attempts and during subsequent engine operation. 
Based on borescope inspections conducted at Anchorage, 
approximately 40 percent of the NGV's were still covered by 
thick deposits after landing (fig. 5). 

Engine fuel levers were moved to the "OFF' position 
and engine restarts were initiated immediately after the loss 
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Figure 6. Accumulation of unmelted volcanic ash in the high- 
j^essare-txirbise rotor. 



of power. Engines 1 and 2 were successfully started at an 
altitude of 17,200 ft (after five or six attempts). Engines 3 
and 4 were successfully started at an altitude of 13,300 ft 
(after eight or nine attempts). "Autostart" mode was used 
and at least one start appeared to have been correctly termi- 
nated by the FADEC start/stall logic just before being termi- 
nated by the crew. The windmiliing N2 was in excess of 30 
percent, and the entire start sequence varied from approxi- 
mately 30 seconds to 60 seconds during each attempt. 

The engines did not overheat during deceleration or 
during subsequent aborted starts. The highest exhaust-gas 
temperature (EGT) of 93 CC was recorded on engine I dur- 
ing the initial deceleration. There was no unusual thermal 
distress observed during disassembly of this engine. 

The general condition of all hardware in engine 1 was 
consistent with the performance level recorded prior to land- 
ing. In addition to the remains of the heavy, stage- 1 nozzle 
deposits, the following performance-related observations 
were made: 

• No measurable erosion or other damage to the low- 
pressure system (fan, booster, and low-pressure tur- 
bine (LPT)). 

• Minor compressor erosion, most pronounced in the 
mid and aft rotating stages. 

• Stage- 1 high-pressure-turbine (HPT) blade tips were 
"ground off (approximately 0.060 inches of tip mate- 
rial was missing). 

• Buildup of hard material on stage- 1 HPT shrouds. 

• Thin but hard deposits on stage- 1 HPT blade pressure 
surfaces. 

e Engine 1 inspection indicated that there was no signif- 
icant plugging of any of the HPT cooling circuits; 
however, there was a heavy, fine, powdery ash 
buildup within the HPT rotor cavities (fig. 6). 



;edings, first international symposium 

The general physical conditions (distress and presence 
of ash deposit) of all four engines were very similar. The com- 
pressor-discharge-pressure (Pss) sensing line on engine 1 
was unobstructed. The Ps3 readings obtained from the ACMS 
system during and after the deceleration indicated that Pgj 
signals to the engine electronic controls were unrestricted. 
The DFDR was not recording for 2 minutes 5 seconds after 
the initial engine deceleration when all four electrical gener- 
ators dropped offline. The engine FADEC remained powered 
and was controlling the engines during that time and provided 
valuable information stored in the NVM. 

CONCLUSIONS 
SPECIFIC 

Engine deceleration from high power to below idle was 
initiated by high-pressure-compressor (HPC) stall. The stall 
margin loss was caused by stage- 1 HPT nozzle effective- 
fiow-area restriction and associated HPT efficiency loss. The 
stage- 1 HPT bucket-clearance increase was caused by local 
buildup of hard, resolidified ash material on the shroud sur- 
face (fig. 7), which ground off the bucket-tip material. 

The stage- 1 nozzle effective-flow-area restriction was 
caused by resolidification and buildup of melted ash parti- 
cles on the leading edges and pressure surfaces of the indi- 
vidual NGV's. This effective-flow-area restriction was 
estimated to be 8 percent. This buildup also resulted in an 
increase in pressure loss across the nozzle and a reduction in 
HPT efficiency. Total HPT efficiency loss, including the 
stage- 1 HPT blade-clearance increase was estimated to be 7 
percent. High-pressure-compressor (HPC) erosion (fig. 8), 
caused by ingestion of ash particles, resulted in minor stall- 
margin decrease and compressor-efficiency loss estimated to 
be I percent. 

The lowering of the temperature following manual fiiel 
supply cut-off increased the viscosity and brittleness of the 
built-up material. The thermal and pressure/velocity tran- 
sients associated with the fuel off/on/off cycle dislodged 
some of the nozzle deposits. The density of these deposits 
was low, and, consequently, there was no downstream airfoil 




Figure 7. Deposits of solidified, remelted ash on stage-! hi^- 
pressure-turbine shrouds. 
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Figure 8. High-pressure-compressor (HPC) Wades, showing 
erosion of leading edges and blade tips. 

damage. Successful starts were achieved after a portion of 
these deposits were dislodged. 

During the starts, "autostart" mode was used and at 
least one start appeared to have been correctly terminated by 
the FADEC start/stall logic. Most of the starts, however, 
were terminated by the crew overriding the autostart 
sequence and thus negating the adaptive automatic restart 
features of the control system while, in some of these cases, 
the engine or engines appeared to be on the way to a success- 
fol start (fig. 9). Continued engine operation, following suc- 
cessful restarts, dislodged additional stage- 1 deposits. 
Permanent engine performance degradation was the result of 
compressor erosion and the stage- 1 HPT blade-clearance 
increase. 

The absence of any thermal damage to the engines was 
the result of the combination of decisive and skillful actions 
of the crew and the responsiveness and built-in protection in 
the FADEC system. 

The presence of ash particles set off the fire warning 
bell in the cargo compartm.ent and displayed the "CARGO 
FIRE FWD" message (the cargo-compartment fire detector 
is a smoke/particle detector — unlike the engine-compart- 
ment detector, which is activated by temperature). 

The ash concentration at 25,000 ft altitude was esti- 
mated at 2 g/m^, based on the rate of nozzle-deposit buildup 
compared to the rates measured during engine tests con- 
ducted by Calspan (Dunn and Wade, this volume). 

Ash particles exiting the fan air stream ranged in size 
from 10 to 100 microns and most closely represent the size 
of particles encountered by KLM 867 in flight. The particles 
found within HPT passages, which were believed to be rep- 
resentative of the size distribution entering the combustor, 
were typically 6-10 microns in size. The ash contained some 
volcanic-glass material with a melting point of 1 ,200°C. This 
miaterial is considered to be responsible for rapid buildup of 
deposits on the stage- 1 NGV's; however, components of the 
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EXPLANATION 
■ Engine ' • Erigine 3 
D Engine 2 O Engine 4 

Figure 9. Encounter of KLM flight 867 with ash from Redoubt 
Volcano, 15 December 1989: engine parameters (exhaust-gas tem- 
perature (EOT), core speed (N2), and fan speed (HI)) during first 
recorded restart attempt AST, Alaska Standard Time; FADEC, 
full- authority digital electronic controls. 



ash with higher and lower melting points were also present 
in the NOV deposits. The unraelted particles adhered to the 
semi-molten layer of glassy material on stage- 1 NGV's 
(Casadevall and others, 1991). 

GENERAL 

Relatively "new" (within hours of eruption) volcanic 
clouds contain concentrations of ash that can cause com- 
plete loss of engine power in approximately 1 minute when 
the engine is operating at combustor-discharge tempera- 
tures in excess of the melting temperature of the ash. The 
primary mechanism of engine power loss during these 
high-engine-powcr and high-ash-concentration exposures is 
the buildup of mehed and resolidified ash material on the 
stage- 1 NGV's, resulting in flow-area reduction, turbine- 
efficiency loss, and compressor stall. Permanent damage to 
the engine under these conditions is limited if the engine is 
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not e:!q>Qse<l to overtemperatare during the stall or mhsc- 
qaent restart attempt(s). 

Time, altitude, and airspeed permitting, the engine can 
be ij^taited by fte fuei o&mJoff cyde% fcBceaking up &e 
deposit mattiiigl, wliich is briaJe aa low tesipeEatotes. 
FADEC with built-in start/stall/overtemperature logic in the 
aatostart mode simplifies and speeds op the restart sequence 
and prevents further engiue damage. 

Reduction of engine power to flight idle upon inad- 
vertent entry into a volcanic cloud will eiminate the stage- 
I NGV baildais l^csaise Sje comlsj^r-ifisdhaiue tempera- 
ttire at idle is below the meltiing point of volcanio-ash ccoi- 
stitaests. 

OperatioB in an ash cload will result in compressor air- 
foi! and flowpath erosion and eventual compressor stall. 
Compressor stall is an airflow discontinuity resulting in loss 
of &xust and inteissal temperatDure increase. T^e ime 
required to reach this condition is at least an order of magni- 
tude longer than the time to produce significant ash accumu- 
lation on the NGV's at the Mgh-power level (assamiag the 
same ash concentration). Compressor erosion is pennanent, 
and engine operability and available thrust will be adversely 
affected. The compressor-eioficii rate can be significantly 
reduced by decreasing the core engine rotational speed (N2). 

Damage mechanisms in the longer term include the 
restriction of HPT cooling circuits, which may result in hot- 
section distress, and the contamination of the lubrication sys- 
tem, which may result in premature bearing distress. Another 
possible damage mechanism is the restriction of air-flow 
p^sages around fee fuel nozzles — this leads to poor fuel 
atana*za^<»jeB^'A©#riyi%*to'Stert^be=«Bgffl^ 

CREW ACTIONS 

Entering into a volcanic ash cloud can be recognized by 
St. Elmo's Fire/corona discharge (night or day), dust and 
smell in the cockpit/cs^ia, md outsidb darlmess (day time 
only) (Campbell, this votomej|. If a wkaak; .ash cteid: i& 
inadvertently entered, disconnect the autothrottle, reduce 
power to flight idle, increase compressor air bleed to maxi- 
mum possible, and exit the cloud as quickly as possible. 
Bleed air is air extracted from the compressor for use in var- 
ious aircraft ^srstems. Increased extraction increases ^11 
maigin. There is no umvereal %cst" procedure for ©citmg 
thi cloud; however, generally a 1 80° turn will result in the 
fastest cloud exit. Avoid rapid throttle movements (up or 
down) to pxvmt a possi^ cam^essar (Q»i|*idB, this 
vdfame; Miller, this volume). 

If power reduction to flight idle is not possible, reduce 
power t» ftie lowest level coisi^^ witii otter requirements 
and exit the cloud as quiddjf,asi„po^ibIe. Monitor exhaust- 
gas temperature as the pxiraaiy raa^^e instrument indicating 
a^ accumidation at stage-! M^p^ssu^-oubii:^ nozzle 



guide vanes. If £GT exceeds the red line or increases r^idly, 
the throttle should be closed and fuel levers moved to "OFF' 

to minimize engine thermal damage and incj^sase the pr<dja- 
bility of successful restart. 

Restarts should be initiated immediately. More than one 
attempt may be required to obtain a successful start 
Autostart should be used (if avaikt^e) because it ste^&ss 
the starting procedure and provides engine ov&iiesmpmim& 
protection. Compressor bleed should be turned on toing 
restarts and during subsequent engine operation to maxiake 
stall margin. Following restart, the engine performance/stall 
margin/EGT may improve with time, but it will not reach the 
pre-ash-encounter level. Rapid throttle movement and max- 
imum-power operation should be avoided, if possible, 
because stall margin is decreased and some cooliag-dreait 
plugging may be present. 

REGULATORY AGENCIES 

The greatest threat to aircraft and engines is presented 
by "new" clouds (within hoars of eajpti0!^.i»t€»»tain large 
conccaitratiqns of a^ particles. The communicatioa n««woik 
between voI{^ic-activ{ty-in<Mjitoring agencies and air-traf- 
fic-control agencies should be improved so that volcanic 
activity of Ae ^pe that cm result in atbstantial lelease of ash 
into the attnosphere can be communicated immedi^y to 
the affected air crews. In early phases following t!» enqp^n, 
the cloud position should be continuously tracked st M aM- 
tii&eis irtilizing winds aloft, pilot reports, and ol&r available 
means. Appropriate air-traffic-control measra«s ^(Md fee 
taken to provide arcraft-oioud sepjaiati 

The ^-particle size distritnition and concentration in 
volcanic emption clouds should be documented. In addition, 
engine md (or) combustor tes*s should be sponsored by the 
F^erai Aviation A<hninistration (FAA) to establish thresh- 
old values for "safe" levels of ash concentration and the 
"safe" range of combustor temperature. This information, 
combined with updated dispersion and fteorcAicai fallout 
models (and with improved cloud tracking) can establish 
when an ash cloud ceases to be a flight hazard. These efforts 
will eribance aviatitm ss£<^ and redace air trafSc delays 
lesuMag fixw vdtaaiic zc^vky. 
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ECONOMIC DISRUmONS BY REDOUBT VOLCANO: 
ASSESSMENT METHODOLOGY AND ANECDOTAL 

EMPIRICAL EVIDENCE 

By Bradford H. Tuck and Lee Huskey 



ABSTRACT 

The eraptioas of Redcaibt Voicatio in 1989-90 imposed 
significant ^x^Ksnic costs on Alaska residents, airlines and 
other businesses i^rving Alaska, govenaneirt agencies, and 
travelers going to or coming from Ala^a. His pseper pre- 
sents a set of principle^ orgmMixm,'ftxc tfee c^^feificm 
and aggregati<m <d costs and b^efits s^icK^isd wiSi the 
eruptions. These costs include both market-mea&iBed costs 
and non-maricet-measured costs, such as waiting time. 

INTRODUCTION 

This p^r dbscribes a social accounti!]^ frameworic 
designed to classify real easnomic costs and benefits, as well 
as related redistributions of economic activity associated 
with the enjqptions of Redoubt Volcano between December 
1989 aed Apiil 19%. Conceptually, we are trying to com- 
pare economic activity that would have occurred if the erup- 
tions had not taken place with activity that actually took 
place. Ths difference between tfeese two situ^om repre- 
sents the net economic cost of the eruptions. 

There are two major reasons for measuring these costs. 
The first is to provide an aggregate measare of the net eco- 
nomic costs associated with the Redoubt Volcano eruptions 
and the distribution of those costs among geographic areas. 
Estim^BS sacfe as Hiese are often issteamental in ditaini^ 
Federal or State government assistance (if available in a 
timely fashion). The second use is to provide an indicalk»i 
of <ik»e costs flu* could be avdded <» lessened wiflj fee 
implementation of various mitigation measures. This is 
essential information for the evaluation of investment in mit- 

DESIGNING THE ACCOUNTS 

There are several issues that have been considered in 
the design of the accounting framework. A review of these 
will help in understanding both what is and what is not being 
mesmsied: ReMminterested in s»l^taiitidly more dmited 



discussions of social income accoajBting may consult 
Yanovsky (1965) or Eisner (1989). 

The present acc<mi!ting fmmewodc is intended to 

reflect three measures of economic activity: real economic 
costs, real economic benefits, and redistributions of costs or 
b^e£lts. 

Costs are incurred as a result of using up factors of pro- 
duction, or inputs, and may be of two types: direct damage 
co^^n^^ti0ncos*5. Efeect dtetagecasts are dbfined 
as costs resulting directly from the volcanic eruption, such as 
a jet engine repair, ash cleanup and removal, and "waiting 
ime" co^ of ij^vidiials. Utese are coste iss* wcmM m)t 
have occurred except for Ae eruptions. Mitigation costs 
includes those costs associated vrith mitigation of the effects 
of present or future volcanic eruptions. These are c<^ 
intended to reduce future damages. Included in this category 
would be airborne radar to track ash clouds, costs of moni- 
toring volcanic activity, and instaiiatitpn of special dUces to 
protect the Drift River oil-loading facility. 

Some real economic benefits may also have resulted 
from the eruptions (e.g., volcanic ash used in pottery, the 
inevitable T-siurt, or tourist flights around the volcano). 
More difficult to value, but of greater potentia! long-run sig- 
nificance, might be increased knowledge related to predict- 
ing erections, appropriate ii^t procobir^ when 
encountering volcanic clouds, etc. However, we expect 
that most perceived benefits are really redistribution effects. 

The third categoJEy of mieasurement a<Mresses redistri- 
butions of ecoiKJmic activity. Distributiona} effects related to 
volcanoes are discussed in detail in Blong (1984). These 
redistributions occur when economic activity shifts from one 
geographic locale to anofcer as a re^t of the eruptions. For 
example, a flight scheduled to land in Anchorage is diverted 
to Fairbanks. Fairbanks gains income that is lost in Anchor- 
age. Re<fetribi!*ion also occaas vfhm componmte of iiKome 
are shifted from one owner to another. For example, when a 
damaged jet engine is replaced, there is a redistribution of 
economic profit ftoni tJje airaraft owner (or insure) to liie 
firm doing the repair. 

The inclusion of costs, benefits, and redistributions 
arising 'firano 1xaasporatic»a dfela^is' ^(iid 'cimMBfibli) Is 
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another major aspect of accounting for economic costs 
related to the Redoubt emptions. Osnseqaences of travel 
delays, trip cancellations, and, to a lesser extent, freight and 
postal service delays arc not directly measured by the market 
but are likely to be sabstanial. 

Benefits, costs, and distributional effects depend on 
both the geographic area encompassed and timing. The geo- 
graphic frame of reference in the present sftidy is gtebd, in 
the sense that costs, benefits, and redistributions associated 
with the eruptions arc included regardless of where they 
occurred. Geographic ad>-wiits are estaMiteied to sdesrtfy 
localized effects. The timing of costs may also provide use- 
M isfonnatioa, and, where possible, we will measure costs 
relative to specific eruptioos. 

1 oli. ISAdiC KUJL&o 

Before looking at some illustrations of tlie application 

of our accounting principles, it is helpful to summarize the 
specific rules that we arc using to measure volcano-related 
ojonomic ira|»<^. 

1. Any economic action (i.e., the use of factor inputs, 
such as labor, capital, or purchased intermediate 
inputs) that occurs because of an eruption, which oth- 
erwise would not have occurred, is treated as a change 
from the "without eruption" state. If the action can be 
expected to increase the consumer's utility, or "eco- 
nomic well-being" coaled to tte Bon-emptl<»} 
case, the change is treated as a benefit. If the action is 
to maintain (or attempt to maintain) a consumer's pre- 
eruptiois utility level or restore their atiUly level, then 
liie ctetge is trt^ted as a cost. As in<lc^Ded above, 
these costs are further divided into two c^gories: 
di»ct damage coste and mitigation costs. 

2. BenelRts or costs may be m^swed eitfea- by the mon- 
etary value of factor inputs used in the production pro- 
cess (the value added measure) or by the market price 
of the gcK)d ©r service proAiced btit, however mea- 
sured, caraiot be counted twice (i.e., double counted). 

3 . The estimate of tije net economic cost of the eruptions 
is ilie differaice between m&^med t<ad costs and 
tot^ bensifiii; 

SOME EXAMPLES 

We can now illustrate the use of the accounting frame- 
work with several examples. First considered is the privately 
ow!^d Drift River Oil TeiiaM, kw^d on the w«st ^<»e of 
Codk Inlet at the mouth of tiie piincipa! river draining the 
north flank of Redoubt Volcano. Oil produced from Cook 
Inlet platforms is transported by pipeline to the Drift RivCT 
facility for storage and loading on to tankers. Debris flows 
from the eruptions caused flooding, threatened the physical 
integrity of Drift River Temiaal, forced fee closing of the 



facility, and lead to cessation of production from the Cook 
Inlet fields. Subsequently, the facility was repaired, levees 

were installed to protect the facility, and operation of the 
facility and production from Cook Inlet fields resumed. 
From a coacef^d point, whst costs sk»i!d be charged 
against the eruptions? 

Firstly, the cost of levees should clearly be included 
because fte levees were a Sts^-imposed precondition for 
reopening the facility. Secondly, other modifications to the 
facility to prevent the recurrence of adverse flooding effects 
woald also be inctedfed. Tlese ^ examples of mitigation 
costs. Costs of shutting down and restarting Cook Inlet pro- 
duction facilities should also be included and should reflect 
direct damage costs. St^ royalty income at && time of the 
eruptions was about $39,000 per day (Brantley, 1990). The 
economic cost of replacing the revenue flow (e.g., as mea- 
sured by fee cost of borrowing to K^lace the revenue flow) 
would also be a direct cost. The same piiEC%>l« woaid a|^iy 
to the delay in producer earnings. 

A secomi example considers fee repair of damage to 
aircraft. A Wghly sqjjCffted incident occurred when a Boeing 
747-400 flew through an ash cloud on December 15, 1989, 
and lost power in all four engines. Although the engines were 
restarted and the plane landed safely, the aircraft required 
extensive repair work (Przedpeiski and Casadevall, this vol- 
ume). All four engines were replaced, as were portions of the 
electrical and^ avionics systems. In addition, the aircraft 
required a febrotigh cloning to remove j^. Ihs reported 
repair costs were estimated at proximately S80 miliion 
(Steenbiik, 1990). 

" 'flowlo W'aaxkmt principks treat Stee ©qpeaSjturss? 
First, the repair and cleaning costs are a dire<^ result of fee 
fflD^tion and reflect fee use of resources to repair daaage 
caas«! by fee eruptions. Secondly, only a portion of fee 
costs of engine and electronics replacement should be 
included. The portion that should be included would be 
equal to fee co^ of replacing fee remaiaiRg economic life of 
the dam.aged equipment. For example, if an engine had 20 
percent of its economic life remaining at fee time of fee inci- 
dent, IteB-r^^iaeait'of -tfet'^frferceat '^srifd be ximgei 
against the eruption (i.e., a cost of fee eruption), whereas fee 
balance would be treated as new investment and not coanted 
as a cost of fee enxpikm. 

A third illustration of our account principles relates to 
fee treatment of a canceled or rescheduled event. The annual 
Anchorage Xhristmas Carol" produrficHn sclieduled for sev- 
eral performances prior to Christmas had to be postponed. 
The actors, actresses, and stage crew were in Anchorage, but 
fee shipment of stage sets (to be transported by air freight) 
was delayed several times. Although the production did 
finally take place after several reschedulings, there was a sig- 
nificant l<m in revenue. 

What are the losses associated with this event? Fol- 
lowing the principle of "resources used," the loss should be 
equal to fee resources used in fee "ncssrproduction." This 
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would include the opportunity cost of the actors, actresses, 
aad stage crew (as iseasared by tlseir compensation), their 
housing and transportation costs, the earnings that the Per- 
forming Arts Center couid have obtained if used for an 
alternative event, ti» of .pDmotional activity, etc. 
There is also an economic cost reflected in &e tiiae 
invested by volunteer participants. 

A find escample addr^ises the iss«e of waitmg time. 
Disruption of flight schedules and outright cancellation of 
flights resulted in extensive, and often lengthy, delays for air 
travelers. In mmy cases, tihe end resafe was complete trip 
cancellation on the part of the individual traveler. There are 
two dimensions to these waiting-time costs with which we 
try to deal The first is fte tempoiaiy non-utilization of fac- 
tor inputs where the foregone use cannot be recaptured in the 
future. For example, a business traveler stranded in Seattle 
on a trip frcsn San Francisco to Anchorage (and unable to 
conduct business from the airport) spends a certain number 
of hours waiting to complete the trip. This waiting time is a 
cost of pro<fact!os and a use of tise fector ii^ut, labcsr. As 
such, it can be valued at its regular rate of cossissni^tioii. 

The seccmd type of waiting-time cost is associated 
wi& final consumption of air travel (i.e., consumer travel). 
In this case, the cost of waiting is the value of leisure time 
tiiat the consumer has given up. For example, a student 
returning hrane to Anchorage for die Chitstmas holidays 
has to spend two days in the Seattle airport. These two days 
are days tiiat the student does not get to spend with family 

Table 1. Estimated econcanic impaos of fee 1 989-90 a:wp^m of R^Joubt \%>kano m fte svsation 
industry. ' 

fSig Four," United, Delta. Northwest, smd Atasia AHiMS; ?, no estimate availabte for economic impact for tjjis category; Na.. 

cstima'cd ccor:orr.ic iir^act not ::'.'.c>c:'.'cc. to "his c.itet^.or>-; A: A, Arc'iorr:;-'e "ntcn-atic-.r." .Airport. All ft^turcs in U.S 6o'.'.zt>:' 



Category 


!>ec6si*er 1989 


Januasy 1990 


Total 


Domestic passenger traffic 








•SigFour" (B4) 


837,884 


349.138 


1,187,022 


Domestic total - B4 


433,511 


35.673 


469,184 


Mcmational passenger traffic 


? 


•> 


? 


Domestic freight 


Minimal 


Minimal 


Minimal 


Intemationai &eight 


Na. 


Na. 


15,000,000 


AlArevrasses 








Landing fees 


177,464 


77,696 


255,160 


Concessions 


508,216 


487,339 


995,555 


Fuel fiowage fees 


135,060 


205,460 


340,520 


Airport support industries 








Fuel disMtetion 


Na. 


Na, 


50,m 


Ground crevre aad sardce 


Na. 


Na. 


600,000 


Catering 


Na. 


Na, 


43,500 


Concessions 


Na. 


Na. 


285,000 


Passemger waiting time 


1,144,800 


689,000 


1,833,800 


Estimated production losses 


Na. 


Na. 


21,059,741 


Bquiprmt damage costs 


Na 


Na. 


mmo.m 


Total aviation costs 






101,129,741 



Sofflpceofinfraiatiffli: Tuit* and ottes (1992). 



(or friends already back from other schools). Typically, the 
value of leisure time is measured by its opportunity cost, or 

what the individual could have earned if they had chosen to 
work rather than to have taken leisure time. We follow that 
convention in these accounts. Thus, the cost of the stu- 
dent's waiting time would be equal to what the student 
could have been earning had that student chosen to work 
(instead of being a stodCTft). Discussion of the measurement 
and use of leisure time is more fully treated in Kendtick 
(1987) and Eisner (1989). 

SUMMARY 

In ainjmary, we have attempted to state a set of "ndes" 
to guide the classification and aggregation of economic costs 
and benefits associated with the eruptions of Redoubt Vol- 
cano during 1 989-90. Compilation of these cos& and bene- 
fits provides both an indication of the overall costs to society 
of the eruptions and a reference against which future mitiga- 
tion efforts can be evsduated 

ADDENDUM 

Since tlsis report W9S prefared, we have completed the 
study of economic consequence of the 1989-90 Redoubt 
Volcano eruptions (Tuck and others, 1992). Table i contaios 
a summary of the findings regarding the economic impact of 
the Redoubt Volcano eruptions on the aviation industry. 
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EFFECTS OF VOLCANIC ASH ON AIRCRAFT 
POWERPLANTS AND AIRFRAMES 

By Lester M. Zmser 



ABSTRACT 

This ptBpeic discusses the effects of voicanic ash on an 
airaralt used as a re^aidi platfoim to pme^tat and satnpb 
volcanic emption clouds directly over and near the vent. Sci- 
entific objectives were to acquire as pure and uncontami- 
it^ed sample of &e ash as possible and to determine the 
composition and concentration of volcanic ejecta. Over the 
years, aircraft have accidentally encountered volcanic clouds 
at ^fferenfl: aWtudes with varying effects on poweipian^ and 
ar&ames. However, little was icnowm i^xM hem iyisag 
directly through a dense emption ctotid wonfd ^ect aircraft 
performance and materials. The paper combines the results 
of scientsfio ^pedttions to three volcjaioes in Guatemala in 
1978 and 19^ SHjd to Mom St Heleos iu 1980. 

mrmmmcmm 

The aiipaie asefl^ lor iiB 'i«seaicl ^wiS 'a BSiSKSaft 
Queen Air Model B-80 powered by two Lycoming IGSO- 
540 reciprocating engines. Os-board research e<p%»meat 
and the rei^ponsibie oi^arazsrtioK were follows: 

1 . Air intake/exhaust — U.S. Geological Survey (USGS), 

2. Air intakes — National Cester for Atm<^hexic 
Ressarcli (NCAR), 

3 . Quartz microbalan<» — California Measuremeists, Inc., 

4. Inertia! navigation system — NCAR, 

5. H2O sampler— USGS, 

6. GiaM^m 35-jMa css^SBt — NCAR, 

7. Huebert sampler — Colorado CM&^, 

8. Heidt air-sample bottles — ^NCAR, 

9. Correlation specfrometer — ^E>arfiKioiaii CoM^. 
Although some equipment required special external 

|X»ts extending beyond the fuselage, the scientifio equip- 
jsKart had littie to no seflfect Wffie fficraffs aerodyriamic per- 
feaance. The main limitation was the bulk and the weight, 
wiikh reduced passenger space and &el load and thus 
redact the tme spent on station. The time on station tsimed 
out to be important because volcanoes do not erupt on com- 
mand, ^ Thus, we often circled a vokano for periods up to 



several hours, awaiting an en^tion. Logbook entries show 

26 flights between the three projects with a total of 7 to 10 
hours in voicanic clouds of varying density. 

METHOD OF STUDY 

The first two studies (1978 and 1980) were carried out 
in <^s2ltgmd& (Rose and <^ters, 1980). Fdiowii^ the retom 
&om Guatemala in late February 1 980, Mount St. Helens was 
lowing signs of activity, and the airplane was scheduled for 
atrip to PoitliBftd, Oieg. For fte Centeai America trip, logistics 
and obtaining permission to fly a research aircraft over three 
active volcanoes (Fuego, Pacaya, and Santiaguito) was the 
most diffioilt part of the prc^tjan. Once the paperwork was 
accomplished, the procedure was to fly to the volcano of 
interest for the day and circle the crater until it erupted, or 
until fuel supply (3.5-hr maximum) warranted a return to our 
base at La Aurora International Airport, Guatemala City. 

There were many ideas as to what triggers an erup- 
tlot!r-4B^ Mi, low tide, sun spots, Pele was upset — ^how- 
ev«r, mm vfes& correct. The best we coold do in plaimmg a 
fli^t was to pick a day and t^e octr chances. Dr. Richard 
Cadle (NCAR) had some experience sampling fomes fix>m 
the Hawaaiaa volcano, Kilauea, but none of &e sdeatists 
were awsae of any flights directly over a crater teoagh an 
ash or vaporous emission or through low-level pyroclastic 
ffirtq)ttons. In otiher words, no one knew what the maximum 
asb aaws^Esascffi: « a ^^ka« <ic«i^ was^ fe* cmM be 
flown tibrcat^ witkHi^ dis««tr(m ir^tdts. 

O^ERVATIOMS AMI RESULTS 

On 10 February 1978, Fuego Volcano (3,763 m) 
erupted with a dense black plume (fig. I), oxygen masks 
were put on and set at IM peiceirt ox3^:en; research eqpip- 
ment was readied; and a penetration run began. The plume 
was estimated to be 200-300 m above the crater when first 
sighted. The plume e^qtancbd r^idly as the aircraft 
approached and rose to m altitodte be*weai 3(X) and 400 m 
above the vent. 
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Figare 1. Small explosion from Fuego Volcano (3,763 m), Gua- 
temala, produces a dark, ash-rich column tiiat rises about 300 m 
above the summit, 10 February 1978. 



The aircraft entered the eruption cloud about 300 m 
above the volcano and was traveling 70 m/s. The plume was 
estimated to be about 300-400 m in diameter, which gives a 
residence time in the piume of from 4 to 6 seconds. On a later 
mission, following an overnight eruption of Fuego, the 
plume had stagnated owing to low wind conditions and was 
held in place by a temperature inversion (fsg. 2) — the entire 
3-hour flight was flown in the ash cloud. 

What happens when one penetrates a volcanic plume? 
In the plume shown in figure I we found: 

1 . Zero to limited visibility, 

2. Heat and slight turbulence, which caused a bump with 
each entry into the cloud, 

3. Copious quantities of ash entering the cabin through 
fresh air vents, 

4. The fuel-air ratio was upset, engines sputtered, and 
manifold pressure fell off rapidly, 

5. Once through the cloud, engine performance 
improved — everyone breathed a sigh of relief, espe- 
cially the pilot. 

The first flight through the Fuego plume became a stan- 
dard for me, as well as for the researchers. If the eruptions 
looked larger and darker than the Fuego plume, direct pene- 
tration was avoided until some of the heavier material had 
fallen out. The plume from the Santiaguito vent at Santa 
Maria Volcano (3,772 m) (fig. 3) was lighter in color and less 
dense in appearance — I experienced no power loss while in 



the cloud. However, flight crews were exposed to hydrogen 
sulfide, and the use of 100 percent oxygen was mandatory. 
The plume from Pacaya Volcano (2,552 m) (fig. 4) was 
white, and flying through the cloud was similar to flying 
through a cumulus cloud. Water droplets formed on the 
windscreen, and there was no evidence of solid ash particles. 

A total of 32 hours was flown for volcanic research in 
1978 — this includes an estimated 5 hours in plumes of dif- 
ferent density. Those 5 hours were enough to etch the wind- 
shield, bum out the bearings on one generator, duli the paint, 
abrade and destroy the ianding-light glass covers and the 
running lights, damage the de-ice boots, pit the leading edge 
of the propellers, and dull the chrome-plated prop domes. 
Upon return from Guatemala in 1978, substantial mainte- 
nance (including replacing the windshields) was needed to 
bring the Queen Air up to standard. 

When we returned to Guatemala in February 1980, we 
were more knowledgeable about the hazards and damaging 
effects of volcanic ash. I devised a method to protect the for- 
ward-facing windscreen from abrasion by taping a 0.007- 
inch film of clear mylar to the windshield. The mylar had to 
be replaced after each ash flight (fig. 5). 

During the 1980 program, in Guatem.ala, we flew a 
total of 36 hours, including an estim.ated 3 hours in the 
plumes of Santiaguito and Pacaya. Fuego was inactive. A 
daily cleaning and oiling of the air-intake filters was 
needed. A daily inspection of all 24 spark plugs was con- 
ducted in addition to the normal pre-flight inspection, 
which usually required replacing the bottom-row 12 plugs 
because black, glassy, obsidian-like deposits completely 
covered the electrodes. I have not been able to determine 
why the top plugs stayed relatively clean. 

The temperature in the cylinder at the point of ignition 
is near 3,000°F (1,648°C) — well above the temperature 




Figure 2. A...- c'.o_u .:r.cl small eruption column following an 
overnight eruption of Fuego Volcano, February 1978. The plume 
had stagnated owing to low wind conditions and was held in place 
by a temperature inversion. 
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Figure 3. The plume from the Santiaguito vent at Santa Maria 
Volcano (3,772 m) was lighter in color and less dense in appearance 
than plumes from Fuego Volcano (figs. 1 and 2). The airplane expe- 
rienced no power loss while in the cloud; however, hydrogen sulfide 
gas was detectable by odor. 



needed to melt the rhyolite glass particles found in the Feb- 
ruary 1978 eruption clouds of the Guatemalan volcano, San- 
tiaguito (Rose, 1987). Magma solidifies from l,250°Cdown 
to 700°C (Decker and Decker, 1981), so it seems reasonable 
to think that both upper and lower sets of spark plugs would 
be exposed to the same high temperature and that both sets 
would keep the magma liquid and expel it along with 
unbumed exhaust gases. However, that was not the case. 
Evidently, the bottom plugs cool more in the combustion 
cycle and allow melted ash to congeal on the electrodes. 

The ejecta from the 1980 eruption of Mount St. Helens 
presented similar problems to those of the Central America 
volcanoes and added a new one: wet volcanic ash. On 7 
April 1980, Mount St. Helens erupted a gray to black 
plume to an estimated 300 m above the vent, and, as the 
fallout began, a dark curtain of material fell from the plume 




Figure 4. The white, water-rich plume from Pacays Volcano 
(2,552 m) formed above a small lava lake. Flying through the cloud 
was similar to flying through a cumulus cloud. Water droplets 
formed on the windscreen, and there was no evidence of solid ash 
particles in this cloud. 




Figure 5. To protect the forward-facing windscreen from abra- 
sion by volcanic ash, a 0.007-inch fslm of clear mylar was taped to 
the windshield. The mylar had to be replaced after each ash flight. 



(fig. 6). We circled and penetrated the heavy ash curtain. 
We were surprised. What appeared to be just an ash curtain 
similar to many we had flown through before was really a 
shower of muddy ash. The powerplants nearly stopped; the 
mylar-covered windscreen became opaque; and forward 
visibility was reduced to zero. The muddy ash shower 
reduced in intensity, and we made seven more trips through 
the cloud before returning to Portland. We landed with the 
aid of air-traffic-control radar. 

On 10 April 1990, we returned to Jeffeo Airport at 
Broomfield, Colo. During routine maintenance on 14 April 
1990, an oil sample was analyzed with the following results 
(numbers in parentheses represent values before volcanic 
ash sampling; numbers not in parentheses represent values 
after volcanic ash sampling — ^units are in part per million): 
Fe: (98), 293; Ag: (0), 1; Al: (20), 1 19; Cr: (9), 29; Cu: (16), 
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Figure 6. On 7 April 1980, Moust St. Helens (2,549 m) erupted 
a gray to black piume to an estimated 300 m above the veat, an4 as 
the fallout began, a dark curtain of material fell from the plume. The 
1980 Mount St. Helens ejecta was wet, which caused it to adhere to 
the exterior of the airplane. 



36; Mg: (4), 18; Ni: (7), 21; Si: (39), 168; Ti: (0), 1; Mo: (0), 
2. The most common elements and metallic compounds in 
the Lycoming lGSO-540 powerplant are: tin, aluminum, 
bronze, steel, and chrome. Magma contains trace amounts of 
the same elements (Decker and Decker, 1981). 

The question is: Where did the increases in these ele- 
ments come from? Was it from abrasion of the powerplant 
by the ingested material; was it from the volcanic ash itself; 
or was it a com.bination of factors? No doubt the high sili- 
cate count is from ingested ash. The high iron count is 
probably a combination of ash and engine abrasion. The 
origin of the silver is unknown. Some Lycoming engines 
used some silver in the supercharger bearings, but I couid 



not determine if the Lycoming engines on our airplane 
were manufactured with silver in these bearings. Because 
alumina is the second most abundant part of volcanic rocks 
and also a very common product in aircraft: engines, I 
would assume the high count was due to a combination of 
ash and abrasion. The cylinder walls were chrome plated, 
and silicate grinding contributed to the increase in chro- 
mium. Copper was probably ground out of the various 
bronze bushings in the engine. The magnesium increase 
appears to be mostly from ingested ash. There are probably 
some compounds in the engine with nickel in them — there 
was a large increase of nickel over the "normal" sample. 
Titanium probably came from the ash, and molybdenum 
could have been scrubbed from some engine alloy. 

CONCLUSIONS 

Judging from the increase of metallic elements shown 
by the oil analysis, it is obvious that the ingestion of volcanic 
ash is detrimental to aircraft powerplants. Ash will shorten 
the operating life of reciprocating engines and may, under 
sustained, severe volcanic-ash ingestion, cause engine fail- 
ure. I did not have a complete engine failure. It is my opinion 
that jet turbine engines, because of their higher operating 
temperatures and finer tolerances, are even more susceptible 
to complete failure than reciprocating engines. Not only is 
the ash damaging to the engines, but airframes and engine 
components can be destroyed as well. Windshields are espe- 
cially vulnerable to abrasion and crazing. 

RECOMMENDATIONS 

First and foremost, avoid volcanic clouds. Admittedly, 
avoiding volcanic clouds is difficult at best. The Air Line 
Pilots Association in 1990 issued a form entitled "Operation 
in the Vicinity of Volcanic Ash Clouds." FHght organizations 
who operate anywhere near areas containing active volcanoes 
should be in possession of these important guidelines. 

Because pilots are often the first to observe volcanic 
activity, especially at remote volcanoes, they should report 
this activity using the reporting form, approved by the Inter- 
national Civil Aviation Organization (Fox, this volume). 

For scientific research of volcanoes which requires 
entry into an ash cloud, use an aircraft with reciprocating 
engines; do not use turbine engines. Protect the windscreen 
if at all possible. Clear mylar of 0.007-inch thickness can 
be taped to the windshield without affecting visibility. 
Check and clean the air-intake filters after every penetra- 
tion. Run a frequent oil analysis. Inspect the pitot-static 
system for clogging by ash. Inspect spark plugs and replace 
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as necessary. After each flight through a volcanic plume, 
cany out a thorough inspection of the airplane. 
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AND REDUCED DISRUPTION OF AIRCRAFT OPERATIONS 
IN REGIONS WITH VOLCANIC ACTIVITY 

By MA Prq>uIsion Committee 334-1, Zygmunt J. Przedpelski, Oiainnan 



INTRODUCTION 

The multiple-engine power loss on Royal Dutch Air- 
lines (KLM) Flight 867 following an inadvertent encounter 
with a volcanic ash cloud firom Redoubt Volcano, Alaska, on 
15 December 1989 uadei^wsw! tije &reat of volcaaic emp- 
ttcHss to sviation. The Aerospace factettfes AsscKi^dsoa of 
America (AIA) ad hoc propulsioa committee (PC-334-I) 
was fomied to evaluate tMs thi^t and to xmke ai^propriate 
recommendatioiis to tbe aviation industry and re^KMisibie 
government agenci^. 

COMMITTEE OBJECTIVES 

The misaoa of Ms cowBtee was to assess tfee volca- 
nic ash threat to comm^ial aviation and to make recom- 
mendations to the iadastiy and government agencies 
iavoived. 1%© ie<»!mB««iMi<»is, -wbm implmmf^ sfc<mld 

accomplish the following: 

• Reduce the probability of inadvertent aircraft-volca- 
nic ash «icouateis of tlje Idnd tiat afanost resulted in a 
tragedy in the past (KLM in 1989 and Singa|>oie Air- 
lines and British Airlines in 1982). 

• Redffi^e ise interrtgjtiom to noimd air trrf&s few in 
r^ons with volcanic activity (e,g,. Anchorage, 
D^ember 1989 to April 1990). 



MEMBERSHIP 

Major U.S. and foreign aircraft and aircraft engine 
manufacturers were represented on the committee. In addi- 
tion, experts in *e field of volcanic activity and engine per- 
formance in dust- and ash-contaminated air were invited to 
join the committee. Aii of the individuals selected had 
extensive experience in aircraft and engine opmtions witti 
specific expertise in volcanic-ash-environment operations, 
including Mount St. Helens 1980, Galunggung 1982, and 
Redoubt Volcano 1989-90. TTbe committee membership is 
diown io: table i. 



PRESEiNTATIONS AND DATA 
ANALYSIS 

The AIA committee met February 20-2 1, 1 991 , in Den- 
ver, Colo., at tiie Cestttral Region head<iBarters of Ae U.S. 
Geological Survey. The meeting included presentations by 
various committee members and discussions on recommen- 
dations by the committee. Tie following pres^tetions were 
made, reviewed, and analyzed by committee mOTibers: 

• KLM Flight 867 incident including air traffic cmter 
(ATC) and crew procedures, the engine/aircraft per- 
f<»»a^, inspection findings, and coiK^tasicms. 

• Mount St. Helens and Galunggung volcanic ash-air- 
craft encounters, with emphasis on differences and 
^rallaiiyes to tiKt KLM S67 incideirt. The ^ciic 
cases analyzed in depth were: 

• Mount St. Helens: LlOO (C-130) Transameiica 

event, 

• Galunggung: B747 British Airways event, and 

• Galunggung: B747 Singapore Airlines event. 

• Results on contK)iled <bi^ and voIcan»>a&h-ii^ei^on 
engine tests conducted under contract to ttie U.S. Air 
Force by Calspan Laboratory. 

• Current and proposed air-crew procedures address- 
ii^ voksnic doud ayotd»ce, cecc^a^$»t, and 
recommended procedures following an inadvertent 
ash-cloud penetration. The recommended procedures 
of Airfeus, Boeing, McDoiHiell-Ek>ugIas, Pratt and 
Whitney, General Electric, and Rolls Royce were 
reviewed. Boeing B747 procedures were used as a 
lefemice. 

• Woildwide threat of volcanic eruptions with emphasis 
on ash-cloud-producing volcanoes and regions. 

• Ash-cloud detection and tracking methods: infrared, 
ground and airborne radar, satellite, visual, ete. 

• Braking effectiveness on wet sffld dry runways con- 
taminated with ash. 
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CONCLUSIONS AND LESSONS 
LEAJRNia) 

Modem turbine esgis^ can sustaia smous, ffight- 
safety-threatening damage when exposed to volcanic ash for 
eve» very limited periods of time. Tlie aiccessful coraf le- 
tion of nalitary specifjc^on ME/-E 5(^7 (or eepivaieiit) 
saiid-ingestion tests by a particular engine model does not 
provide assurance of sustained opeiability in a volcanic ash 
c!o«f IwcsRise concentrations of vdcasic ^ litat ih« orders 
of magnitude higher may be present and because of the dif- 
ferent physical and chemical nature of volcanic ash. Older 
^neration toriiine «B§ines, wMch q>en*e at a hm&t com- 
bsiStor discharge temperature, are not as susceptible to the 
hi^-pressure-turbine deposit buildup and area blockage (as 
is true fcsr mxitxA piotetioa ea^ms and fefta« oigine 
designs). However, all turbine engines are vulnerable to 
compressor erosion. The committee had no specific data on 
aina^ pi^m-engine damage caused by volcanic ash, but 
literature search indicates that piston engja^ ace also dam- 
aged by exposure to volcanic ash. 

Eteign changes to improve engine resistance to volca- 
nic ash ingestion would, at best, result in minor improvement 
but at a significant increase in feel consumption and engine 

Damage to aircraft systems from volcanic ash inges- 
tion, while not primary in terms of flight-safety threai, con- 
tribates to iJje crew woiMcad" in an dready' str^sfel 
situation. The major concerns are loss of airspeed indication, 
reduced visibility due to windshield erosion, loss of HF (high 
fire<p®riicy) communicM<»is and' degradffibri of tie VflOF 
(very high frequency) communications, and possible degra- 
dation of electronic controls and instrumentation caused by 
a^ OTirtaKitinatksi. 

Volcanic-ash-ingestion events, while infrequent, are 
major flight-safety concerns. AH members felt that a one- 
time s^mt of activity genenatoi- iyy ■Re<fei3ibt-KLM 867 
incident is effective in reducing the probability of a volcanic- 
ash-caused aircraft accident in the near term. However, 
many of committee Rieirtjefs ren«!mibwed°simils&'' activ- 
ities following the 1980 Mount St. Helens and the 1982 
Galunggung eruptions. It was agreed that institutionalized, 
lecarrij^ taming of air orews and airtrafic C(»*FC^Im, wk> 
may be exposed to volcanic activities, is required to achieve 
lasting air-safety benefits from the previously learned les- 
sons. 

Increased air crew and air traffic center (ATC) aware- 
ness of the threat posed by volcanic ash and adherence to the 
cmtmt opersrtiijg in^ctioas, vrimh emphasize avoidartce, 
recognition, and procedures to be followed in the event of 
inadvertent ash-cloud encounter, should reduce the probabil- 
ity of a^caimi aircraft acd<^ts. ii^roved airibome 
detectfon rtiems (aldn to weaflM* ra® fix <isteciS<ai of 



Table 1. Membenstxqp ofAlA P»^)uM<»i Conumttee 334-1. 

PlIA, Aacosp^ faSasB^^ Assocbl&ca <g Amies; IAS, isMmSami A(s> &$ii>es 
{a jote eemjmty of Ro!!$ ^ta^m, Pmt md Vjl^jwy, mi s Js^pssese eemsts&my, 
OFMI/SHECMA. CFM !i>t«it]iti(ml/Sodai£ %l^i<»rts et <k Oxmicte tie 



Name AffilMog 

Michael Dunn Calspan Laboratory 

George P. Sallee *3oeing Coirmerciai Airplane Co. 

Ernest Campbell *Boeing Commercial Aiiplase Co. 

Jdtes Lm& *McD<madl-DG3^ 

L.H. Kosowskj' *United Technology/Norden Systems 

Al Weaver *Urdted Technology/Pratt & Whitney 

William Quaile *United Technology/Pratt & Wfaitaey 

Thomas Casadevail U.S. Geol<^cai Survey 

Craig Bolt lAE 

Tony Wassel Roils Royce 

Michel Tremaud Airbus 

Yves Halm CFMFSNECMA 



Zygmunt Przedpeiski^ ..■*GE Aircraft Et^fes 
* Indicates AJA member. 



heavy precipitation) are needed. Improved ash-c!oud track- 
ing, including estimates of ash-particle density utilizing 
sa^lite and groand tracking Ii3«a3ns, is also needed to 
enhance safety and reduce di:SR^[^ns to normal ai^-trstlic 
operations in regions with volcank activity. 

Tl!e'isaje"^firilSig'iS(^ raaways cov«a?ed 

with volcaiiic ash (dry and wet) was raise4 asnd jk> relisMe 
data is known to exist at this time. 

In general, the existing air crew operating instfuctioBS 
dealing with volcanic ash environment are adequate. How- 
ever, in order to facilitate transition from one aircraft model 
to ffiofher, titee ii«tractions shooid be i^and^rdtzed as much 
as possible. 

An engine in-flight shut dowti (IFSD) is a rare event. 
Many airKaff Crews never encoontef one. Il&e need to restart 
an engine in the air is even rarer. This, combined with the 
different air-start versus ground-start engine characteristics 
has made it mfflcefy tiat iie crew will follow opftmim pro- 
cedures for air starts. This was demonstrated in the KLM 867 
event and may have been a contributor to late and (or) unsuc- 
cessfiil restart att^i^ in otih«r c^ses of engine IFSD's asso- 
ciated with inclement weather. 

The Calspan controlled engine-test data indicates that 
buildup on high-pr^sare torfeine nozzle vanes is «jvi- 
ronment can be avoided if combustor exit tem|xa«tee am 
be maintained below a specified value. This su^ests feat, 
in a case vstee tte reasmmended procetoe of roiacii^ 
power to flight idle cannot be followed (i.e., when adequate 
terrain clearance cannot be maintained), a higher power 
levd ttta^ is ca^Me 6f majs^niii^ alt^sde cm. be used fcs 
a Hmited time period. It is esfim^ed lhat & ^Hia&r 
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aigine life (determined by cotnpE^soi' erosicm) is on tibe 
order of 10 times longer that tise "usefel" engine life vs^en 
rapid buildup is occurring on high-pressure turbine (HPT) 
nozzle vases. The performance/stall-maigk loss cajsed by 
compressor erosion is, however, unrecovmWe. It is, fere- 
fore, the committee's position that flight idle power, which 
eliminates nozzie buildup and giiealiy reduce con^ir^sor 
erosion, should be the recommended procedure whm inad- 
vertent ash-cloud entry is made. 

The committee considered the options of shutting down 
some saiglnes during inadvertent ash-cl<Kid ^tiy. It also con- 
sidtared a procedure of engine deceleration/acceleration to 
brea^ loose some of the nozzle deposits, lower the compres- 
sor operating line, snd regain stall maigin. White these pro- 
cedures may be useful under some conditions, the additional 
complexity these procedures force upon a crew in a very 
str^M situation is considered counteiprodudive. 

SPECIFIC RECOMMEN0ATIO3VS 

AU mcm^ mmdtx:tm&^ ^oeld iieview flight- 
manual procedures pertaining to operations in areas contam- 
inated by volcanic ash. The Boeing 747 operating instruc- 
tions can be used as a guide to achieve maximum possible 
standardization. Two specific items should be added to the 
Boeing 747 operating instructions: 

1 . The preferred melJiod for exitisg vokamc cloud coa- 
ditions is a 180° turn. 

2. APU (auxiliary power unit) start should be added to 
items to be accomplished in case of ItKtdvertent volca- 
mc ckmd p^etratioa (sd^ect to c<ms^$m of iie 
maximum APU comtestor-dis<tege temperature ver- 
sus the threshold for turbine-nozzle deposit buildup). 

AU aircraft manufactuiers ^uld provide a seai<»i in 
maintenance manuals that wcHild provide tihe guidance for 
necessar}' rr.aintenance and (w) ssspections to be accom- 
pii^ed following m aircraft emxmi^bs^ with volcanic ash. 

Aircraft manufacturers, vnSi assi^ance from the 
engine manufacturers, should define maximum engine 
power levels (expressed in engine pressure ratio (EPR), fan 
^^d (Nl), and (or) exhaust-gas temperature (EOT) levels) 
that will minim.ize buildup of melted and resolidified ash 
on HPT nozzie guide vanes. These values should be added 
to flight-manua! pn>cedxres sad sh<»ild be used only when 
the recommended fli^t Me power wiU not asswe adei^^ 
tenain clearance. 

Aircraft manoBtctuiers should ensure tlat cooling air 
for electronic compartments is filtered to prevent ash con- 
tamination of vital electrical/electronic systems. This is 
most im^nmt m ammt and ftiture f!y-by-wire aircraft. 

Aiioaft imnufacturers, with assistance from engine 
mamr&cturers, should consider addition of a time-delay cir- 
cuit to sibw an air-staxtied engine to x^h stj&itizsd idle 



s^eed before ihe electrical or genwator load is applied. 
Hus would i^ilitate eogine restarts under less-lhaii-t^l 
conditions. 

FAA and oflier equivalent government agencies should 
require that air crews practice engine air-restart procedures 
in a sunutete m rectH»g l^tm. Noimai md deteriorated 
©tigine-start characteristics should be simtdatted. 

FAA should airport technology pogtam efforts lead- 
ing towai^ developmeat of a pn^tic^ aadbome volcaaic-a^- 
clcmd dbtection device. 

F.AA should support efforts to improve satellite and 
ground tracking of volcanic ash clouds. These efforts should 
eventually lead to <pmitificsdoB of ash ccmceatrntion to 
determine wh©i e>dsting clouds are or are not tiffl^stsjisg to 
air traffic. 

FAA and otiher airspace operating agencies should put 
in place a worldwide communication alert system to pro- 
vide swift warning of the location and severity of volcanic 
ash ckmds. 

PAA^^K^idspomt^ tests utilizisg#ieB?47 vmMmeM 
fi-om KLM 867. Tests should determine if spraying wind- 
shield rain repellent fluid and actuating the wipers can be 
used to improve visibility through an eroded windshield (the 
windshield is currently at the Jet Propulsion Laboratory, Pas- 
adena, Calif). If positive, the results should be incorporated 
into flight-manual procedures dealing with ope)raEti<S3 in 
areas contaminated with volcanic ash. 

FAA should sponsor a program to quantify the coeffi- 
d&id of fiiction <Hinmw^s (x^s^tsmimtei wilfa volcanic 
dust (wet and dry). The results in the form-fabricating- 
effectiveness advisory should be incorporated into appro- 
priate s^CHtis of ftig^ mnt)^ by manuf»:;tuim of all 
aircraft affected. 

FAA and other equivdent goveniasent agsaoffiies 
should require that air crews be trained and tested periodi- 
cally on knowledge of inclement weather procedures, 
including operations in areas contaminated with volcanic 
ash. Similar training and testing h& oadsK^ f<» 

ATC personnel assigned to geographic locaticms near 
known volcanic activity. 

The lessons learned from aircraft-volcanic ash 
encounters should be communicated worldwide, utilizing 
all available forums (International Civil Aviation Organiza- 
tion (ICAO), Flight Safety Foundation, Air Transport .Asso- 
ciation and its equivalents, Federal Aviation Administration 
and its equivalents. Air Line Pilote Association and its 
equivalents). 

AIA sk>uld su|^rt Ae effort of the ICAO volcanic 

warning study group. This effort, when completed, should 
lead to improved reporting and dissemination of worldwide 
volcanic acfivity. 
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RECOMMENDED FLIGHT-CREW PROCEDURES IF 
VOLCANIC ASH IS ENCOUNTERED 

By En^st E. Caaq)l>eH 



ABSTRACT 

Recent major volcanic eraptions have impacted air 
operations and have resulted in significant aiiplane damage. 
The encounter of a 747-^0 airpJaase wMi voicaaac is 
reviewed to demonstrate the extent of damage tiiat cp ocair 
in just a few minutes. In this event, all four engines flamed 
out in less than 1 mimte. Airplane efigiftes, surfaces, win- 
dows, electronic equipment, and theptesm^c system were 
severely damaged. Approximately SSO'mniion was required 
to restore the airplane. 

When volcanic eniptioss are reported, flight crews 
sfjoald use all possible means to avoid the area. However, at 
night or daring flight in clouds, the ash may not be observed 
visually, and aiiplane radar ^sterns are not capable of 
detectjng volcanic adt. Recognition of an ash eaccmnter may 
be accomplished by observing one or more of the foliowing: 
heavy static discharges, glow in engine inlets, ash appearing 
k cockpit and. cabis wife an acsid odbr, m«M0e engine 
malllmctions or fiameouts, and a decrease in airspeed. 

If volcanic debris is inadvertently encountered, imme- 
diately Te<&ce feast to idBe awi exit ifae ash as quickly as 
possible. Autothrottles should be turned off in order to main- 
tain idle tferaa^ Tarn on engine and wing anti-ice (increase 
dr Mee^ to iaiprbve engiinfe surge margin. Monitor exhaust- 
gas-<emperature (EOT) limits. Restart engines if required. 

M<asitor airspeed and pitch attitude to detect a blocked 
pitot system. Airplane and engine damage may or may not 
be apparent; therefore, a landing at the nearest suitable air- 
port is recommended. Report all volcanic ash encounters as 
soon as p<»sible. 

INTRODUCTION 

The recent eruptive sequence of Redoubt Volcano and 
Mt. Spurr in Alaska, Mt. Unzen in Japan, and Mt. 
MnatEbo in fee PMIipplBes has a^a demm^rated fee 
potential for a dangerous confrontation between explosive 
volcanic eruptions and air operations. In as much as all 
eagiaes are sui^ected «> ts& same adverse ©nvirtaiment 
(kris^ m.msxmsliiiSy liteis is m s^^ptwyide prd^ixUit^ of 



m ail-engine power loss or flameout. The paapose of Has 
paper is to discuss flight-crew procedures following m 
inadverterd: volcanic ash oicounter. 

AN ENCOUNTER OF A 747 WITH 
VOLCANIC ASH 

Most of recent volcanic ash encounters have 
occiixired 61 747- and DC-lO-type aircraft betatxse ffiey are 
the tong-range airplanes used to fly the Pacific "ring of lire" 
routes. The following review of a 747 encounter with volca- 
nic ash demonstrates the extent of damage tiiat can c«xur in 
just a few minutes. All mode's of modem airplanes equipped 
with high-bypass engines are susceptible to Ae same type of 
damage, assuming ti» same aonaount of volcanic ash is 
encountered. 

Redoubt VolcaiK>, sear Aiichorage, Alaska, sxperi- 
enced"aj»eFBpti«-oa':I>ec«b^ 14, l%9."<^"#ief0iG'WTOg 
day, a 747-400 airplane powered by GE CF6-80C2 engines 
entered an ash cloud at 25,000 ft and experienced fiameouts 
m ai! four engines. 

During descent to 25,000 ft, tihe airplane ent»ed a &i» 
layer of altostotas clouds wiien it suddenly became very 
dark outside. The crew also saw lighted particles (St. 
Elmo's fire) pass over the cockpit windshields. At the same 
time, brownish dust with a sulfiirous smell entered the 
cockpit. Hie Captain commanded the Pilot Flying to start 
climbing to attempt to get out of the volcanic ash. One 
minute into the high-power climb, all four engines flamed 
out. Due to the volcanic ash and dust in ifee cockpit, the 
<»ew donned oxygen masks. 

The Pilot Flying noticed the airspeed decaying, initially 
at a norroad rate (given the airplane's attitede), but suddenly 
very fast. All airspeed indications were then lost due to vol- 
canic dust contamination in the pitot system. At the same 
tane, iJiese was a staii wamis® fee sick shaker was acti- 
vated wife no signs of buffeting. The Pilot Flying rather 
firmly put the nose of the aircraft down to avoid a stall and 
initiated a torn to fee left in a fiiifeer attempt to gat out of fee 
voicank ask 



151 



152 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 



The crew noticed a "Cargo Fire Forward" warning and 
deduced that the tire warning was caused by the volcanic 
ash, «> na fiBther action was taken. 

As the engines spooled down, the generators tripped off 
and ail instruments were lost except for instruments powered 
by the batteries. 

Daring the time the engines were inoperative, the cabin 
pressure remained witiiia limits and no passenger oxygen 
nmls ctef^yed. The atesv ekc^ not to deploy the masks 
b^^tise ^ i^^JE^ar-oxy^nHffi^k system would have 
been coittamiiiated by volcanic dti^ iit c^in air. 

An eiaeigency was declared when the airplane passed 
tkoii^ ai^K»ciEB!^y I7,0<K> ft. The aew stated feat a 
total of seven or d^t restart attempts were ma^ before 
engines I and 2 finally restarted at approximately 17,200 ft. 
Initially, the crew maintained 13,000 ft with engines 1 and 
2 re^arte4 and, after several more attenpts, engines 3 and 
4 were also restarted. 

Volcanic ash had entered the pitot-steaic sj^em; all air- 
data systems had become imreliabie. Howev^,iie left-hand 
altimeter indicated correct values. Furthermore, the rudder 
ratio light was on, indicating contamination of this system 
also. Because of &e ra<Mer ratio being incoirect, flte drcraft 
was difficult to handle, especially during the period that only 
engines 1 and 2 were operating. The inertial guidance 
gxcmd speed was used tor .arference t^tm havaig 
checked vrfth air traffic coiflstol (ATC) iha ll® ittdica^ val- 
ues were correct. 

After passing abeam and east of Andiorage at 1 1 ,0(K) ft, 
the airplane was given radar vectors for a wide right-hand 
pattern to runway 06 and further descent to 2,000 ft. The 
C^taan had tite mmrsy am!&imcmfy m. s%M ioring die 
approach; however, vision through the windshields was 
impaired by the "sandblasting" from the volcanic ash in such 
a way feat the Captain and First Officer were only able to 
look forward with their heads positioned well to the side. 
During the last part of the approach, an "Equipment Cool- 
ing" overheat message occurre4 hut the Ca|«ain elected to 
disregard this message because landing was imminent. 

After landing, the Captain cleared the landing runway 
and taxied the aircraft to the assigi^ gs^. When taming 
toward the gate the Cagtaia transfeaded control to the Pil<^ in 
fee right-hand seat, becaEse his vision through the left:-ted 
vrindshield was impaired in such a way that he coaJd not i^e 
fee gate dariiig the last part of the docking fsocedure. 

fespectioii of tl® m^me revealed 'UieMiowing: 
♦ All four engines suffered extensive damage and had to 
be replaced. Inspection of engine 1 found that, in fee 
fkst^ of iie M^-pre^«re 'terbine, adi bsd melted 
mi resolidified (or "ceramatized") on the leading 
ed^es of the noazie vanes. The solid ash deposits 
^Ktended along 75 percejrt ot more of each leading 
e<%e swth an average depth of about 1.5 mm. A pre- 
liraioaiy hypothesis suggests feat the extent of the 
melted and 3m>iidiiied volcanic deposit on fee 



high-pressure turbine nozzle vanes increased fee 
operating-line pressure ratio of the compressors, 
resijjtiag in engfm surge. The repeated restart 
atteapts resulted in partial break ap of fee deposit 
throagh "feeimal shock." This, in cosiianattioa vsith 
ifflpx»v«d siftne-surge margin at lower altitu^s, 
resulted in a successful restart of all four engines. 

• The entire pneumatic system, the air conditioning 
system, and fee equipment cooling sys^m were 
heavily contaminated by volcanic ash. A najm por- 
tion of fee pnOTtnatic system was remove4 cIeaiK4 
and reinstalled. 

• Bofe the Cs^tain's md the Copilot's wjn<fehiel<fe were 
"sandblasted" and had to be replaced. The leading 
edges of fee wings, fee winglets, the vertical fin, and 
fee horizontal stabilizer were "sandblasted" and had 
to be replaced. Ofeer protrtiding parts of the air- 
craft — for example, ail antennas, probes, ice detec- 
tors, and angle-of-attack vanes— were damaged and 
h^ to be rq>lac^. 

• The pitot-static system was dacaag^ ^d heavily con- 
taminated, TETiepitotandstaticportshadtoberemoved 
and replaced and the system purged of ail a^. 

• The entire fuselage, except for fee area behind fee aft 
pressure bdkttead, had to be cleaned vesy carefully. 
Has induded all cockpit iastrament panels; all dr- 
cuit-breaker panels; passenger cabin areas; baggage 
compartments; and fee areas above the cabin cdling 
panels, including all systems present in fese areas 
and the entire environmental control system. 

• The: .^tiKf ei©:tricai and avionics systems were: con- 
tsmmst^ md hti hmi exposed to p<^85ilM« ov^db^- 
ing due to loss of cooling air. All ekcfidottl and 
avionics units had to be replaced. 

• The smoke detection system was contaminated 
throughout. The entire unit, including :^s<»i3ted 
plumbing and ejectors, had to be replaced. 

• The fuel system, the hydraulic system, and the pota- 
ble-water systems had to be desMd md checks f<Mr 
proper operation. 

• The c?alM windows, forward oftfeewis^, were erod^ 
and pitted and had to be rq>laced. 

• Ai^xim^ty S80 nuIMcm was required to restore feie 
aitplSRe. 

ENGINE DAMAGE/THRUST LOSS 

Of piitjmy concern following an madvertent encotmtCT 
with a dense cloud of volcanic ash is almost immediate 
engine damage followed by engine surge, thrust loss, and 
possible iameout of all er^es. Ifering a less severe 
encounter, the flight crew may observe fluctuating engine 
parameters such as a decrease in engine speed and a slow to 
rs^id rise in EGT and fuel flow. 
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Hie nature of volcanic ash particles is such tiiat molten 
<feposits acesamalate lapidy v;pon iage^on, srfiKaiig hi^- 
pressare-tarbine inlet-guide-vane area and covering turbine 
airfoil cooling holes. Engine pov/er loss occurring shortly 
siter mtadag vol«Kic ci<»i<fe has ixm aflribat^ to 
compressor-operating-parameter changes. The nozzle- 
gaide-vane-throat area is radically reduced, causing the 
tmmer piesjaBare (st«tc) md Ae a«Bip«ssor discharge pres- 
sure (static) to increase rapidly. This event causes the engine 
to surge. In addition, considerable erosion occurs on com- 
pressor bISKies fe^eiief wife h^ivy airfoil dam^e. 

The factors that influence the degree of erosion and 
that can also affect performance, particularly of the com- 
pressor blad^, are: particie h^adaess ai^ coma^xa^on, 
particle impact velocity (feast setfng) and aagle, airf core 
protection. 

Voiaamc contains nsaterials of different composi- 
tions. Of importance to jet engine performance is the melt- 
ing temperature of feese materials. Glasses have a 
chaKK^terfsiic meMsg point of b^een 6(X>'*C and 800°C. 
Crystalline particles melt in the range of I.IOO'C and 
1,200°C. Thrust settings above flight idle will produce tem- 
peratures capable of mefting volcsanic materials. Therefore, 
it is extremely important to immediately f^rd tfcatist levers 
to idle (altitude permitting) if volcanic asi is todv^rtealfy 
encountered. Reducis^ lirast to ifie wit! dso reduce com- 
pessor erosion damage. 

In addition to engine damage or flameout, volcanic ash 
has a significant effe<^ cm fee engine's ability to s^tait In 
severe cases, it may not be possible to !^tet tte engines. 
Starting ability is enhanced by decreastog "aMtade and by 
allowing the hot section to cool Howev®:, in fee event of an 
all-engine flameout, an immediate restart should be 
attempted. Flight crews should be made aware that engine 
acceler^on <laing start at altitude is very slow when com- 
pared to ground starts. Also, volcanic ash damage due to 
eioded compressors and deposits on fuel nozzles will ftsther 
increase fe® engine-acceleration time during in-flight starts. 
Cbmpiessor bleed (engine and wing anti-ice plus all air cm- 
<£ti<Hiing packs) should be cm dh«a^ re^arts mi (kemg SiA>- 
sequeitt operation to maximize engme-asge mat^n. 

OPEEATING INSTRUCTIONS 
AVCHDANCE 

Avoid flight in ar^ of known volcanic activity, partic- 
ularly at night or in instrument meteorological conditions 
(IMC), when volcanic ash and dust may not be visible. 

When planning a flight into an area wife a report^ or 
known potential for volcanic activity, review all ootices and 
directives for current status of that activity. 

Plan fee flight to remaia well clear of reported activity. 
If possible, stay iqywiad of volcanic ash and dust 



Do not rely oa airb<ane weafeer radar to detect and dis- 
play volcanic ash and di^. AiibomeweafJKf radar systems 
used on commercial airplanes are mt designed to dtetect very 
small ash and dust particles. 

Whm flying mm an eraistitig volcaiio, act Imm^mtely 
to get as far from the ash and dust cloud as possible. 

When practical, turn to a heading directly away from, 
md upwind from, fee ash cloial 



RECOGNITION 

Volcanic and dust may be difficult to detect at ni^t 
or during flight ferou^ clouds; !s>wev«r, fee followiiig ccai- 
ditions have been observed by flight crews: 

• At night, heavy static disdsarges (St. Elmo's fire) 
around fee wmd^ybI4 »»ompaaied by a hn^ wisite 
glow in the «igine inlets. 

• At night, landing lights cast shaip, distinct ^adows m 
volc^ic dbiods (unlike the fu22y, indistinct siiadows 
feat aie <a©t i^n^ weather clouds). 

• V6l<jaiu<5 ash aaid dust (haze) appearing in fee oodkpit 
and catnn. Voicamc dust coUe<^ng <m top of flat stir- 
i^ces. 

• An acrid odor similar to elecfirical smoke or burnt 

dust. The smell of sulfur may also be laeseaL 

• Multiple eagtae malfunctions, such as surge, increas- 
ing ejdiaust'^s temperature, torching from tailpipe, 
and flameouts. 

• Decrea^ in it^iicsuted ntspe^S. 



PROCEDURES 

If volcanic debris is inadvertently encountered, accom- 
plish fee following: 

• Immediately reduce thrust to idle. This will lower 
EGT, which in turn will reduce fee debris buildup on 
fee tuibic^ Mades mi hc^-^c^km ocraifoiients. Vol- 
canic dust can cause rapid erosion and teiage to the 
internal components of fee engines. 

• Autothrotfles off (if aigaged). Th& aatc^fiiottles 
should be turned off to prevent the system from 
increasing thrust above idle. Due to the reduced suige 
margins, limit the number of thrust adjustments and 
make changes wife slow and anoofe thrust-lever 
movements. 

• Exit volcanic cloud as quickly as possible. Volcanic 
ash may extend for several hundred miles. The short- 
est distance/time out of fee dust may require an 
immediate, descending 180° turn. Setting climb ferast 
and attempting to climb above fee vc>lcamc cloud is 
Qot t&x>mmm^ du^ to accekrstted e^m dmt^d 
flam^t at high thnis^ settin®;. 
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• Esglse and wing asti-ice on. Ai air conditioning 
packs on. Turn on engine and wing anti-ice systems 
and place all air conditioning packs to on to further 
improve eugme stall margin by increasiag Meed-air 
flow. It may be possible to stabilize one or more 
engines at idle thrust setting where the EGT will 
ternmi m&m Hmits. An stosspt be injuie to 
keep at least one engine operating at idle and within 
liraits to provide electrical power and bleed air for 
cabin pi^smizaticm irotil cter of tite vdcaiuc diBt 

• Start the auxiliary power unit (APU), if available. The 
APU can be used to power the electrical system in the 
event of a nsaWple-aragiiie power loss. He APU may 
also provide a pneumatic air source for improved 
engine starting, depending on the airplane model. 

• Gxy^ mask cm and ! 00 percent, if required. If a sig- 
nificant amount of volcanic dust fills the cockpit or if 
there is a strong smell of sulfur, don oxygen mask and 
select 1:(K) pemen*. .Mamal ^loyment of passeager 
oxygen masks is not recommended if cabin pressure 
is normal because the passenger oxygen supply will 
be diluted with volcanic-dust- filled cabia air. If the 
cabin altitude exceeds 14,000 ft, the fi^^eij^er oxy- 
gen masks will deploy automatically. 

• Ignition on. Place ignition switches to "on" as appro- 
priate for the engine model (position normally used 
for in-flight engine start). Cycling of feel tevm 
(switches) is not required. For airplanes e<|uipped 
wi&i autostart ^sterns, the suaostsrt ^^c»r stould 
be in *e "on" position. The autostart system was 
designed and certified with a "hands-off ' philosophy 
for emergency air starts in recognition of crew work- 
load during this type of event 

• Monitor EGT. If necessary, shut down and then 
restart engines to keep from exceeding EGT limits. 

• If not ali«a#y <io«d, -close the o«Sow valves. 

• Do not pull the fire switches. 

• Leave fuel boost pump switches "on" and open cross- 
feed valves. 

• Do not use fuel heat — iiis would be und^rable if on 
suction fuel feed. 

• Engine restart. If an engine fails to stert, fry again 
immediately. Successful engine start may not be pos- 
sible until airspeed and altitude are within the airstart 
envel<^. -Moy tor ECKT ^<afe^Wy: if a hang ^ start 
occurs, the EGT will increase rapidly. If engine is 
just slow in accelerating, the EGT will increase 
slowly. Remember, engines aire very stow' to aciseler- 
ate to idle at high altitude, especially in volcanic 
dust — this may be interpreted as a failure to start or 
as a failure of the engine to accelerate to idle or as an 
engine malfunction. 

• Monitor airspeed and pitch attitude. If unreliable, or 
if a complete loss of airspeed indication occurs (vol- 
canic ash may block the pitot system), establish &e 



appropriate pitch attitude dictated by the operation 
manual for "flight with unreliable airspeed." If air- 
speed indicators are unreliable, or if loss of airspeed 
occurs :simrit!ffie©iKfy wiii m ali-«jgme feast lo^ 
shutdown, or flameout, use the attitude indicator to 
establish a minus one degree pitch attitude. Inertia 
grooi^ ^>eed say he mei for ref^teiKse If in&»M 
airspeed is unreliable or lost. Ground speed may .also 
be available from approach control during landing. 

• Laasd at ftie nearest s^t^le airport. A precsetition«y 
landing should be made at the nearest suitable airport 
if aiiplane damage or abnormal engine operatic 
oe<»is dae to volcanic dsi^ psaietration. 

Because of the abrasive effects of volcanic dust on 
windshields and landing lights, visibility for ai^rt^c^ m& 
lan<ing may be maikeJIy reduced. Forward visibifity aacy 
be limited to that which is available through the side win- 
dows. Should this condition occur, and if the autopilot sys- 
tem k 'qp«rtBg-'S^sfe5tMiyi'' 'a^'#"m»ir to an- ^airpwt- 
where an auto landing can be accomplished should be con- 
sidered. If forward visibility is restricted, consider having 
the aiiplane towed to the paridrag gate. 

GROUND OPERATION AT AIRPORTS 
AFFECTED BY VOLCANIC ASH 

• During landings, limit reverse thrust. The use of max- 
imum reverse thrust may impair visibility and ingest 
dast r^o iie engines. 

• The presence of a light layer of dust that obliterates 
the markings on a runway could have a detrimental 
efSx:* on braking. He effects of a heavy layer are 
eriaiowa. Exerme caitiOT when ash has fallen on 

mrfiices becau^ surfaces may be slippery aM 
brakiagmay.be le^ defective. 

• Bx&e wesar will be accelerated; however, prqperly 
sffifiM'l^amgs sicnffl^tiot'be affected. 

• Avoid static operation of engines above idle power. 

• Do not taxi with aay _ en^i^ shut down. Use all 
engines for taxi. 

• Thrust during taxi should be limited to that which is 
required to sustain a slow taxi speed. 

• Avoid operation in visible dust. Ash and dust should 
be allowed to settle prior to initi^ng a takeoff roll. 

• Use a rolling takeoff procedure. 

• Restrict ground use of the APU to engine starts. 

• Avoid B®e of air conditioning packs on die groaund if 
recirculation fans will maintain adequate comfort 
level. If air conditioning on the ground is necessary, 
operate at full cold setting if dust is visible and pre- 
condition at the terminal using a filtered ground cart if 
available. Use bleeds off for takeoff if operating pro- 
cedures permit ftte cm&^m&m. Fw sar c^cMkm- 
ing pack operation, consult the operations manaal. 



RECOMMENDED FUGHT-CREW PROCEDURES IF VOLCANIC ASH IS ENCOUNTERED 



155 



• Do not use windshield wipers for dust removal. Wash 
deposits off with water and wipe residue off with a 
soft cloth. 



SUMMARY 

Flight crews, dispatchers, and air traffic controllers 
mast be aware of any potentid votcaiac activity affe<^ii^ 
their area of operation. They must check notices and air traf- 
fic control directives for the current status of any volcanic 
jK^ivity. Should an inadvertent penetration of a vo!<anic 
dust cIoiKi be made, fligM orews must be aware of the 



potential problems and be prepared to deal with the arising 
flight conditions. Also, crews should be aware of the opera- 
ticmal ccHjditions at airfid<fe that are ccHJteminated with vol- 
cajHC ash and dust. If at ail possible, avoid penetration of a 
volcanic ash cloud. 
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The ovefail U.S. air feafSc controi {ATQ ^cision- 
making aisd communications system sbould incorporate vol- 
canic ash as a type of aviation weather hazard into the 
planned aviation weather system, which wil! be deployed in 
the United States starting in 1996. This weather system is 
based on the concept of a four-dimensional (4-D) (3 spatial 
dimensions and time) gridded database for current and pre- 
dicted hazard locations with a variety of graphics products 
tailored to the needs of various users. Real-time information 
fhjm ground sensors, air-carrier aircraft, unmanned air vehi- 
cles, mi sateilMes would be ased to e^kaate iie current and 
predicted locations of hazardoos asii. To achieve &is system, 
research is needed on defining harmful ash densities, deter- 
mining an optimal ^proach for estimating the density and 
extent of ash ckmSs, and vaMdating models for predlctiMis 

INTRODUCTION 

Inadvertent ingestion of volcanic ash by jet engines has 
caused exstensive damage to a number of aircraft recently 
and could have catts^d fatal ajxicfente is art least iJrae cases. 
The operational system used to cope with the 1989-90 erup- 
tions of Redoubt Volcano in Alaska utilized trajectory anal- 
ysis to ^tiiBSte ash iocatiotts wi^ cuimtt Victual aviatton 
weather advisories (e.g., significant meteorological advi^ty 
(SIGMET), notices to airmen (NOT AM), or center weather 
advisory (CWA)) as a principal means of conveying infor- 
mation to pilots and controllers (Mostek, 1991; Heffter and 
others, 1991; Murray and others, this volume; Hufford, this 
volame; D'Amours, tiiis volume). Manually generated 
gapMcs w®e iistribated by facssaie (Criswell, 1991) to 
fteaeis but mt to pilots or c«rtndlers, Ccsseqaeatly, visual 
observations of ash clouds by pilots (or the lack thereof) 
were critical to air traffsc control decisioB making (Criswell, 
t^l, Ifaeseker, 1 99 1 ). This system had Mhir^s in assisting 
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pilots to avoid hazardous ash-cloud encounters and has a ten- 
dency for "over warning," which negatively impacts air 
operations and damages flie credibiiity of the advisory pro- 
gram. .A. major problem that may arise with operational plan- 
ning based on trajectory analysis to delineate the region of 
hazacrd in a relatively ^K3rt pmod (e.g., 24 ksss) after m 
eruption has occurred is that the possaibSe area of wmiii^ for 
an ash encounter may be enormous. 

From fee viewpdat of s?Hveiifflice and infoimatioa 
dissemination, the recommended system (fig. 1), treats vol- 
canic ash as a type of spatially extended aviation weather 
hazard simtiar to in-fli^ icing. Reai-time infonnartion frcwi 
ground, aircraft, and satellite sensors would be combined 
with the numerical-model predictions of ash transport to pro- 
vide reat-tisie, atrrent and predicted locations of vari<ms 
levels of ash concentration in the 4-D gridded database gen- 
erated by the aviation gridded forecast system (AGFS). This 
4-D database would be used to disseminate graphical depic- 
tions of the current and predicted ash locations by the avia- 
tion weather product generator (A WPG). 

A key element of the recommended system is the deter- 
mination of spatial location of damaging ash concestrations 
(as opposed to the current estimates of an unspecified ash 
ccmcoateaAw over very large geographical areas). A num- 
ber of c^ons are ccaisidered for achieving this <^3biMty. 
PirtiaMr ift«sai« is pad to tihe ongoing validation of ash- 
location and concentration estimates as the ash clouds move 
away from the immediate vicinity of the volcano. This paper 
coacfades wiil''9oifie'recotrsmeii&tior6S for ffie wswcTi &d 
development program and system-deployment decisions that 
will be needed to achieve an operationally useful system. 

Related proposals for an integrated detection and warn- 
ing system have been made by Harris (this volume), 
D' Amours (this volume) and Stunder and Heffter (this vol- 
ume). D' Amoars, aKt Stoider smd Heffisar, priftcipally treat 
the prediction problem without addressing how the initial 
ash-cloud 3-D spatial distribution will be determined. Harris 
suggest ^timating asli-cload parameters fmrn liie ampH- 
tJide iuid duration of eruption-related harmonic tremor with 
sabseqoent ash-location forecasting by trajectory analysis. 
By cxaitmst, we suggest^ me oin^a^md s&mm carried 



157 



1 58 VOLCANIC ASH AND AVIATION SAFm": i^OCEEDmOS, FIRST INTERNATIONAL SYMPOSIUM 




Figure I. Major elements of recommended volcanic-ash-adviso- 
ry system for aviation. Gridded wind forecasts are combined with 
Idcaions measared rmr md downwsrai of vQlcs»jes to g&s^- 
ate 4-D, ^©dieted locations of ash clou&. Disfeibutioo of She 4-D 
ash locations are accomplished by the FAA/NWS (Federal Avia- 
tion Administration/National Weather Service) weather-informa- 
tion systems. UAV, unmanned aircraft vehicle; A/C, aircraft; 
AWPG11*WS, 3vi^<m vmte pod««t ^^sjffltatfflrfatf^atei ter- 
minal weatfeeaf„^acm;.AGFS, aviation gridded forecast ^stem; 
KMC, natioi^ mi^eorok^iksaJ center; ATC, air traffic ccHitrol. 

by a dedicated, unmanned aircraft 'V^jcle (UAV) to estimate 
the initial conceatration; the use of full, 4-D, gridded models 
to estimate SitBire ssh locations; md fee us© of atrixaiie mea- 
surements by air-carrier aircraft and dedicated UAV's to val- 
idate the estimated ash concentrations. 



THE PLANNED AVIATION 
WEAUffiiiSYSimi 

The Fe<krai Aviatim A^nnanis&^on (PAA) and 
Matioaal W^&er Service (NWS) are currently deploying a 
siiiabfiar of sensors useful for ash sarveiilaac© and for mea- 
sirii^ mieteorological qaattities (e.g., wind md clcnids) fliat 
rekte to ash transport and surveillance. The next-generation 
weather radars (NEXR.AD) being procured for en-route air- 
space arc significantly more capable of ash detection than 
cuK^t NWS radars — ^they also provide radial- velocity esti- 
mates (Stone, this volume). NEXRAD routinely produces 
graphical products, such as maps of echo tops and layered 
s^flectivities, tibat be used directly by ATC planners and 
COTitrotters to provide some safety iaformation m ash cloads 
wMIe they are detectable by the radar. AdditiOQ^ty, 
NEXRAD has algorithms to analyze 3-D features of stonns 
aud extrsKJt pes^mt aviatios variables, smh as the presence 
of hail andtoimdoes. This computation capability could be 
adapted to aatcanatically estimate the spatial extent of an ash 
cloud as an inpirt to aibsequ^aat predictioii programs. 

The knowledge of the state of the atmosphere down- 
wind of the volcano will be greatly expanded as a result of 
mprovcxl wind sensors and aiialysis sy^eras. Nati<»ial 



Oceanic and Atmospheric Administration's (NOAA) fore- 
cast systems laboratory has been developing the aviation 
gnd<ted forecast system, wliids is a high-resolution, state-of- 
the-atmosphere estimation system that plays a key role in the 
recommended system. The AGFS, which will be tested in 
1994 and im|iei»rted nationally in 1996, uses the current 
b^o<m i^misgiima s<»mdiBgs (Holland and others, 1992), 
tiie aHCrdtcoaimmications ad<feessing and reporting system 
(ACARS), and profiler data (Hassel and Hudson, 1991), as 
well as ffiatiOTcal-forecast-model results to create a hij^- 
resoiution (30-Ian horizoistal resoliiti<»j, 25 vertical levels, 
hourly estimates based on a 6-hour analysis cycle), giKided 
database of meteorological variables (e.g., winds, tempera- 
ture) and aviation weatiher impact products (e.g., cloud loca- 
tions) using the mesoscale analysis and prediction system 
(MAPS) (Schlatter and Benjamin, this volume). Owing to 
computei^load consttaiats, tije initial coverage for the AFGS 
will be for the continental United States. However, the com- 
putational algorithms used iave been adapted for Alaska and 
coald be implemented locally. Extension of AGFS/AWPG 
coverage to western Canada may also be warranted. It should 
be noted iiat flie AGFS/AWPG will provide many economic 
benefits to aviation in that area, including better wind esti- 
mates for air routes from, the United States to Japan. 

Reliable real-time dissemination of ash-location infor- 
BUBtim to pil<*s and eontroHm is essential. Forteaately, die 
di^nlbated nature of the volcanic-ash hazard is quite analo- 
gous to many weather pheaomena. A key element in the 
weafeer-infonnation-dissemiBation sy^em will be fee 
regional and national AWPG (fig. 2), which utilizes the 
information from NEXRAD and gridded state-of-the-atmo- 
spiwe iaf<Hmat!oa, ssish that pmvidbd by the AGFS, to 
create real-time aviation terminal weather products for a 
variety of users md systems (Sankey and Hansen, 1993). 
The regional AWPG (RAWKj), associated wilft the various 
FAA enrollee centers, is a very attractive vehicle for display 
of the real-time and predicted ash locations to en-route con- 
troiers and various traffic management units because it also 
wiifl commttnicate alphanumeric and graphical weather 
ij^saatioa to pllots via tie data-link processor. The AWPG 
should be q)er^i<H}a!ly available is the 1997-98 time frame. 
Real-time ash-location esdtnat^ would be provided both 
graphically and in text, to en-route air traffic controllers, 
flight service station specialists, and pilots to assist in tactical 
decision making. Since the initial AWPG graphical products 
would be created and distributed' by coiwmeicia! veiKfois 
such as Atmospheric Research Systems, inc. (ARSI on fig. 
2), airline dispatch, airport operators, and others would have 
r^y acce^ to the sroe ifflfonBation- as FAA users. 

it is also important that high resolution information be 
available in the terminal area of major airports that may be 
affected by ash clouds. Studies of aircrafl: roj^s m the viciiEJ- 
ity of storms have shown that pilots will fly muchdoserto 
hazardous regions in conducting landing and takeoff 
operi^ons tihsua ihsy would while en roate, where tiiey -wmM 
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deviate to avoid a hazardous region. In addition, pilots are 
particularly coacemed about the operations disruption from 
ovedy com&rveidve hazsxi mstrn^ m iSm terminal area. 
The integrated terminal weather system (ITVVS) provides 
very high resolution, gridded analyses (2-kin horizontal grid, 
S-iain^e ap<iate), as wdB as dissffliinatioa of weiflte infor- 
mation for the terminal area based on information from the 
AWPG, Weather Forecast Office (WFO), and the FAA/ 
National Weatlier &rvice temtmi^-area saasois P'rans, 
l$9lb; Albers, 1 992). The ITWS has access to a wide variety 
of weather sensors in and around the terminal area, such as 
tihe terminal Doppler weaiier radar (TDWR), sid could eas- 
ily be augmented to include ash-location information from 
other sensors, such as laser radars. The ITWS will include 
color displays for teraninal-area traffic managers as well as 
graphical information for tcnnina! radar approach control 
facility (TRACON) controllers. ITWS prototypes will com- 
mence long-term operationally oriented demonstrarticm in 
1994 — the ITWS will be operationally d«^yed in 1999 
(Sankey md Hsuasen, 1993). 



OPERATIONAL REQUIREMENTS FOR 
AN ASH ADVISCMRY SYSTEM 

No operational requirements have yet been fomiaily 
stated by ftse FAA for a volcanic-ash-advisory system. The 
growing experience with providing operational haairdous- 
weather products is germane to assessing the requirements 
for volcanic ash surveillance. In particular, warnings of wind 
shear due to microbursts and gust fronts have been provided 
operationally to terminal controllers and supervisors attiw^ 
different major airports since 1988 (Evans, 1991a). Hie 
operational analyses (Stevenson, 1991) carried out in con- 
junction with these and other tests and demonstrations sug- 
gest fol!owifig pMfMim: 

1 . Air-traffic-control personnel and aircraft pilots should 
not be expected to interpret meteorological and ash- 
location data fh3m sensors to a^ess the degree of 
hazard. 

2. A sound technical basis for the hazard levels (e.g., tol- 
erable time exposure to various ash a»ceafeadons) 
yielding ash alerts is esserAial fcsc desipi of efkc- 
tive advisory system. 

3. Operationai requirements for miaimum acceptable 
levels for hazard detection and felsc-alarm probabili- 
ties must be closely related to the expected operational 
disRtptioa. For ejcample, felse-alarm probabilities that 
were operationally acceptable in low-wind-shear envi- 
rrasmests were found to be operationally disruptive in 
hjgh-*rafSo envjjporanents with firequmt wmd-shear 
events ^Stevenson, 1991). 

4. Informal systems users groups (e.g. representatives 
from airiines, pilot groups, airport aul!i<srities. 
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Flgmre 2. Planned aviatioR wearier product generator system 
when depleted in 1996. GrapMcai wea&ffir pxs&Kts (fetived tcrni 
3-D, gridded database are dissribs^sd to FAA en-route and terminal 
facilities by the meteorological weaffier processor (MWP) and via 
aircraft situation displays (ASD) used for traffic management 
Flight service stations (AFSS) and airline users will receive similar 
grj^ikal products fma commmM vejKte. AM Weathor, 
NOAA aviation weather program broadcast on ti» Public Broad- 
casting System; ARSI, Atmospheric Research Systems, Inc.; 
ARTCC, air route traffic control center; ATCSCC, air traffic con- 
trol system command center; CWSU, Center Weather Service 
Unit; DUAT, direct-user access tOTiiaal; Eta, estimal^ fene of ar- 
rival; ETMS, enhanced traffic maaagoneitt ssflaem; HARS, hi^- 
altitude routing system; MAPS, mescscafc ^alystsssd-predicfe 
system; NAWAU, national weather advisory unit; NEXRAD, 
next-generation weather radar; NMC, National Meteorological 
Cmer, TMUS, traf&i maia^ent toits; TSC, transpCHlaiQa syS' 
tem cmtsr, WSU, weafe,er service unit 



aviation administrations, safety boards, researchers, 
and information providers) that periodically review 
the scien^fic teowiedge, c^pesational needs, system 
performance, and operational use of the products can 
be very useful for reaching rapid operational accep- 
tmce sM utility for a new system capabiKty such as 
the recommended volcanic-ash-advisoiy system. 

A major problem in developing an effective ash-advi- 
sory system is the poor raideistamdiiig of toieraHe fevds of 
ash ingestion for the engine type of concern to air carriers. 
Although several very useful studies have been carried out 
(pmn and Wade, this volume; Frzedpelski and Ca^devall, 
ihm volume), there appears to be no published experimental 
or simuiation data on damage to high-bypass engines as a 
fimction of ash coa^tration and exposure duration. Obtain- 
ing improved infoimation on tolerable ash concentrations/ 
e3g>osure durations is essential for the development of an 
improved a^-advisory systraa. 
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ASH-CLOUD-CHARACTERIZATION 

OPTIONS 

Another essential eleiaeiit of the proposed system is 
iHiptJved iaWaJ estfinMes of ije spztM JsfailrtiOTi of qjar- 
^onally significant ash concentrations including ash type, 
particle size, and density in both clear air and in the presence 
of we^» clouds. It is v&y mportmt ttmt tite system have 
some capability to automatically accomplish this objective 
in the presence of clouds because many of the potentially 
active areas msy be c!o«d covwed dtoriag significsfflt por- 
tions of the year. 

Weather radars can provide 3-D ash-cloud characteriza- 
tion through rain cloads. However, Hsree probtetns arise: 
determination that an eruption is underway, discrimination 
between rain and ash clouds, and estimating the pertinent 
parameters of an ash cloud. Use loMal determination of an 
©roption and discrimination between rain and ash clouds can 
be based on a variety of clues, including seismic tremors 
(Hams, this volume), lightning (Hoblitt, 1991), and satellite 
observations (Ma&on aM others, tMs vobme; &:haeider and 
Rose, <iiis vbtame). IjaMiaflB^, fte c^ferinfi^on fiiat an erup- 
tion te waairirad ajrf'deBijejtios of (e.g., 
by entering boun(Sng polygom) wo«ld be accomplished 
manually by Central Weafter Service Unit (C WSU) meteo- 
rologists using information from sensors as well as from vol- 
canologists. Estimation of ash-cioud parameters would ihm 
be accompKshed aatomaticafly using votume-scanarf tad»r 
(feta within the bounding polygon regions. 

Estimating the distributios of ash-particle sizes and 

weather radars of greatest interest (Harris and Rose, 1983; 
Stone, this volume) or from current satellites in a time frame 
compita>!e witii a real-time advisory system. Iferris and 
Rose (1983) have discussed estimating ash-cloud parameters 
from radar data by using ash-fall data. It may be possible to 
utilize ifteir technique for real-time estiaiation in situations 
where ash-fall measwMimts have'i>e^' ma<te m SHifcpre- 
vious eruptions. 

Tbt use of a dedicated, iHuW-waveleiiglii laser may 
also be useful in estimating particle sizes when the cloi«i 
cover permits. However, the high rate of attenuation in 
erSier Ml <Mi8s or r^ia dottds mskes lasers m unattractive 
choice as a sole means of ash surveillance, particularly from 
ground-based locations. For example, the University of 
Washington measurements of S^stkmbt Vokamo plum^ 
showed cases where the ash in an upper layer cloud was not 
detected due to attenuation of the laser beam by a lower alti- 
to<^ (km& cloud OH;d>bs and others, 1991). Similar mea- 
ajirassMtei «siag t^m aad ia-stu sampling are needed for 

precMction moddl verification. However, suitable 
HHinned aircraft are «ig)ensive to operate and hm^ not be 
available on short i»>tice. 

A UAV wife laaiaHaffiBte ^yload of approximately 
1 50-2(X) lb) is an attractive opticm for dirojtly measuring a^ 



concentratioos and fran^poitiag lasers for ash-cloud map- 
ping. Advances in UAV designs, autonomous guidance zM 
worldwide availability of navigation aids and communica- 
tions have made UAV's cost effective for atmospheric 
somdisgs. It appears (P. larvinen, Lincoln Labor^ory, writ- 
ten commun., 1992) that the engine of a UAV can be pro- 
tected from ash-particie ingestion, and impact erosion by zsh 
particles can be kq>t to manageable levels. The piston-pow- 
ered Amber UAV is particularly attractive at this time due to 
its technical characteristics (38 hours endurance at 17,000 ft 
dtiftide; operation \^ to altitaies of 28,(K)0 ft— ^p to 40,000 
ft with a turbocharger — a 70-1 00-Ib internal payload; a 1 00- 
Ib external payload) and because several U.S. Government 
owi^ Amber systems msy be available. The proposed 
mode of operation would be to map ash-cloud extents in a 
vertical plane normal to the axis of tixe plume at some 
selected <fistance dowmratd of fee volcano (fst enough to 
avoid the large fragments that rapidly precipitate out of the 
cloud). The downwind spatial distribution of the ash cloud 
would be updated on a schedule dictated by fee vraads and 
the demonstrated capability of the ash-prediction models. It 
should be noted that there are a number of small-scale turbu- 
lence and mesoscale weather features that are not captured in 
fee improved forecast models that will utilize the MAPS 
^d. ConsequsaJly, it appears necessary for the foreseeable 
fiiture to have fee abili^ to validate ash-cloud predictions 
downwind on m <^dbg h^im until ash density is no loig«r 
at ImzaMous.levels. ' 

It may be cost effective to iastttimerit scmx air-camrar 
aircraft that operate in aceas vsdfe ntmy volcffloes, sudi as 
fefr:Noife-Pa«ic«aad'aya^'regiwBi fSata-fem-m'Site-vol- 
canic-ash-detection sensors could be reported over the 
ACARS link. The information from such airciaft would be 
tsed prindpally to provide additional confirmation of fee 
accuracy of ash predictions and to provide a "heads up" 
warning to pilots of situations in which fee ash densities 
were approaching levels feat could dam^ fee airersdft. Fot 
example, if the aircraft were to encounter much hi^fflradi ot 
volcanic gas concentration levels fean were prejfiotwi, tiw 
ACARS ccaild be tsed to idte% ca^ wtee the pedc- 
tion-mode! estimates were significantly in error. The advan- 
tage of using ACARS in feis context is feat fee ash- 
piediction systems win already be accessing fee ACARS 
data on a continuing basis in real time. Consequently, cor- 
rections to the predicted ash-cloud-concentration estimates 
could be generated qoickl^ md trSBEKsted to i» aviaaicm 
ccsnmunity. 

CONCLUSIONS AND 
RECOMMENBATIONS 

The aviation weatte- system cutrentiy under develop- 
ment by the FAA and NWS should play a critical role in fee 
development of a more effective, real-time, volcanic-ash- 
advisoiy system based on fee genmtibn and (Ksseminsuion 
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of a giapfeical, 4-D, volcanic-ash product. A number of 
research and programmatic challeages exist including: 

1. (^ax^it^e m^iBOEit of <xmo&&ii^ikm itat 
may be of cowem for Samewij* of modem, hi^- 
bypass jet engines; 

2. Dev^o^etA of an defective sy^m fear iawKil»gucHis 
3-D ash-concentration measurements neaur aad dbwn- 
wind of erupting volcanoes; 

3. VsJi<tei<m of tise accuracy of models HiM predict '6ie 
spatial distribution of ash; and 

4. Refinement of the human/machine interface for the 
system (e.g., by rapid prototype testing). 

A product-users group should be established to provide 
feedba^ and saggesaaons as the ash-advisoiy system 
evolves. EstennfiBg rtte covmge of the AGFS/AWPG sys- 

to Alaidca aiKi tihe vsrestem fXHtiMi of CaiMA is esscijtiai 
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WARNING SYSTEMS AND PILOT ACTIONS 



By Peter M. Foreman 



ABSTRACT 

Encounters with volcanic ash are a major threat to flight 
safety. Aircraft must follow flight paths that avoid ash 
clouds — these flight paths must be based on a knowledge of 
the location and probable motion of the ash clouds. There is 
no reliable means of detecting volcanic ash from an aircraft. 
Thmfofe, aiimft require a wanring fixm otrtstde. 

A warning system will depend upon the cooperation 
of geological agencies, meteorologists, and the air traffic 
services. BsKaus® voteaaic ash dotids ai?e difBoilt to 
locate, emptioas steild tsgger ixi&veMon of &e avjat«» 
warning system. 

Pilcrts reqmre concise, self-evident jsiessiges in aeio- 
nautical language to cause them to change their flight path in 
a timely manner. Pilots can assist the warning system by 
reporting tiheir observations. Pi!<to should be tafomed of 
the dangers of volcanic ash encounters, and they should be 
given training on recognition and mitigation. 

INTRODUCTION AND NATURE OF 
THE PROBLEM 

The first notable encounter was the British Airways 747 
n^ Gatengguag, liKkju^ia, m 1982. It showed ijat, m mch 
encounters, we might expect a loss of engine power, prob- 
lems with airspeed indications, and extensive abrasion dam- 
age, incfcfing a loss of wiodsyeid firansparency. Use 
encounter placed the flight in great danger, and it required 
heroic and persistent efforts by the crew to restart the engines 
aad faring Ae fli^ to a coiK^usion (Tootell, 1985). 

During the eruption of Redoubt Volcano in Alaska on 
15 E>ecember 1989, a new B747-400 on a flight frooj 
Amster&mi to Aadh^rage fieswriato Aef^tmie and lo^ power 
from all four engines. The crew were able to restart the 
engines and land the flight safely. The initial estimate of 
dan^e to the aircraft was $80 millioB, inctadiag fee 
replacement of all four engines (Brantley, 1990). 

In spite of die severity of these encounters, the per- 
sons involved were lucky. We camot rely on hide in fee 
future. We must implement measures to ke^ aircraft out 
of volcanic ash. 



The adverse results from encounters with volcanic ash 
Mi it^ six cstegories: 

1. Impact. — Severe danage wiiiin several miles fkmi 
the volcano. 

2. Abrasion. — ^Leading edges, mechanical, and hydrau- 
lic systems. 

3. Accretion. — Ash melts, followed by accretion on tur- 
bine nozdes: flsmeout. 

4. Corrosion. — Volcanic gas^ ccmMm wife water 
vapor to form acids. 

5. Adhesion. — Adi adter^ to sirfeces clogs pas- 
sages for cooling and sensing. 

6. Physiological. — Gases and particles are noxious to 
aircraft ocofiants. 

HOW MUCH VOLCANIC ASH 
IS A DANGER? 

It is estimated that the B747-400 encountered an ash 
cloud with a density of approximately 2 g/m^ of air. The 
larger partid««°m"ffiit°3dM'weire°m'^e range 
microns. Whereas some U.S. military engines are designed 
to tolerate dust or san4 there is no design tolerance for dust 
or ash built into dvil aircraft, Thie military spwiflcadon calls 
for engines to be able to tolerate 0.05 g of fine sand per cubic 
meter of air, one-fortieth of the density encountered by the 
B747-400 at Redoui>t. A <palified mffitery engine in a 
ground-level test ran into severe difficulties and stalling at a 
d€3isi)y of 0.5 g/m^ of air, or one-quarter the density encoun- 
teied#f B?4?-4®0'^^mn aad W^tdt, tihis v«*in^). 

Ground tests have also revealai a previously unsus- 
pected problem of the turbine engine: flael-nozzle coking 
fe^ ocoirs ^iter pFol<»ged ©cpossttie to ash at densities fewer 
ten those that cause accretion in the turbine. The coking 
prddem can also lead to engine failure, and, when it does, 
feffipe is !K5 pbssiWM ty of restarting fee mgim. 

EXTERNAL WARNING SYSTEMS 

It has been ai^ed, why do pilots not keep a sharp 

lookout and steer away from volcanic ash clouds? The 
crew of the B747-400 reported that they descended into a 



164 



VOLCANIC ASH AMD AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 



smooth layer of cloud with a white top surface, which 
looked like a weather cloud. At night, or when flying 
within a prevailing meteorological cloud structure, there 
may be no opportunity for a pilot to detect an ash cloud 
before flying into it. Therefore, the safety of air transport 
requires an ash warning system. 

Detecting and locating airborne volcanic ash is a chal- 
lenge. Sometimes, visual observations are the first and best 
reports of a remote volcanic eruption. However, visual 
reports have also been responsible for large numbers of false 
alarms. Airborne weather radar is not useful for locating vol- 
canic ash, and there are no airborne systems that provide reli- 
able detection and location from a distance. Therefore, 
aviation needs an external warning system. If an airborne 
system were to become available in the future, there would 
be an economic debate on whether to install such equipment 
on board all aircraft, or whether to rely on external systems 
in strategic locations. 

The reliability of detection of volcanic eruptions is 
dependent on the degree of monitoring of activity at the vol- 
cano. Real-time seismic monitoring is the fundamental 
method for detecting eruptions, but the seismic signals may 
leave ambiguities that have to be resolved before announcing 
an eruption. Other monitoring systems at the volcano com- 
plement the seismic information and can reduce the interval 
of uncertainty. These techniques include television, light- 
ning detectors, weather radar, and infrasound. Volcanolo- 
gists have a limited ability to forecast some eruptions. Short 
time intervals are relevant to aviation safety, and minutes of 
undetected eruption constitute a distinct hazard. If a few 
minutes of advance warning of an eruption could be pro- 
vided, safety would be greatly enhanced. 



WARNING-SYSTEM 
CHARACTERISTICS 

To ensure aviation safety, it is necessary that reports of 
eruptions are processed without delay into warnings to pilots 
and amendments to air traffic clearances. The first 
announcement of the start of an eruption should go to air traf- 
fic control. Initially, there is no need to try to predict where 
the ash is, or where it is going. It will be in an expanding, 
rising column over the volcano. 

There are large differences between volcanic eruptions, 
so it is not easy to generalize. However, it is instructive to 
study the May 18, 1980, eruption of Mount St. Helens. Fig- 
ure 1 shows the elevation and distribution of the ash in a 
west-to-east vertical profile of the Mount St. Helens eruption 
cloud. This eruption was larger than the 15 December 1989 
eruption at Redoubt Volcano, Alaska, but was smaller than 
the 15 June 1991 eraption at Pinatubo in the Philippines. 

Volcanoes are a threat to air safety from the moment 
that they erupt. Volcanic ash is driven into the sky by a com- 
bination of gas thrust and convection. The Mount St. Helens 
ash took approximately 5 minutes to reach aircraft-cruising 
altitudes (Rosenbaum and Waitt, 1981) at a rate of climb of 
approximately 5,000 ft per minute. A warning system should 
be capable of a 5-minute response time once an eruption has 
been detected. It is important that the processes of the warn- 
ing system do not contribute urmecessary additional delays. 

Winds play the dominant role in the distribution of 
volcanic ash. The agency for subsequent ash-location advi- 
sories should be the meteorological office. All reports of 
ash-ejecting eruptions should be sent to that office so that 
the computerized model of winds over the eruption site can 
be used, in conjunction with dispersion models, to predict 




DISTANCE FROM VOLCANO, !N KILOMETERS 

Figure 1. Diagrammatic east- west profile of May 18, 1980, Mount St Helens eruption showing vertical growth and lateral expansion of 
plume. Times shown are Pacific Daylight Time (e.g., 0838). From Sama-Wojcicki and others (1981, fig. 331). 
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ash trajectories. Figure 2 shows a synoptic plot of the May 
18, 1980, enfl>tion as MmtA St Helem. 

With a kiK>wle<%e of the start time of an eruption and 
wind vei<»ities a* cEiflfeeait levels, m expas<ii^ «Bvelqpe of 
"probably corstaminated* airspace maty be <ieclared and 
updated from time to time. This information should be sent, 
without delay, to the appropriate air traffic control centers 
(ATC) to eijsure tfeat aircraft la tlie hazard areas are directed 
to safer skies. The ash-plume advisory should also be sent to 
airline-operations dispatch offices so that future flights arc 
planned to avoid tlie ish phxm. 

The use of digital ccsnmmiications systems will permit 
rapid warning-response times after eruption detection. The 
first step to set up a fast response warning system would be 
establi^Big mm^mmts for intraagent:^ excbai^e of digi- 
tal data. 

Once air traffic is safely rerouted, then other, more suit- 
able, airoraft can proite the ar^ to discover flie natore and 
extent of the ash plume without necessarily having to enter 
the ash cloud. Satellite images and visual observations can 
be expected to filthier define the i^. Qocear^ionMsbeen 



surveyed and found to be safe for airliners, it can be 
reopened. 

Figure 3 is a schematic diagram of a generic warning 
system. The prime sensor i^ats are shown in rounded 
ksces, md &e fmiaary ageiici^ are Aown in dia<ie4 s<p»e 
boxes. Primary communications links are shown by heavy 
lines. On the ground, these links should include digital data 
streams backed up by voice telephone, fax, and teletype. The 
ground-air h'nk would be radio telephone and, where avail- 
able, datalink. The supporting ground agencies are shown in 
unshaded, square boxes. These agencies protect the sy^em 
by providing redundant channels for commumcation, shown 
by thin lines. Hie system should accept the input of visual- 
observation reports at any point. 

Because ash on the move does not re^ct jurisdictional 
boundaries, it is vital to exchange information between 
countries. Links between similar agencies such as the U.S. 
Federal Aviation Admiiastrstoon and the Cmadim tEsmp&c- 
tation agency, Transport Canada, already exist It is a aiatfer 
of expediting the flow of information about eruptions and 
plume trajectories. All communication links should fiiruition 
mbotih(im:tioi!s. 
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Figure 2. Isochron map showing maximum downwind extent of ash from airborne ash ptame erupted from Mount St. Helens o.n May i 8, 
!980, and earned by fte festest moving wind layer (as observed on satellite photogia^). Times shown are Pacific Daylight Time (e.g., 
(M5). From SasBa-Wcgcicld smd o&sers (1981, % 332). 
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Figure 3. Generic warning system schematic diagram. Prime sen- 
sor inputs are shown in romidaJ boxes. Primary agencies are simm 
m ^ad&d, square boxes. Ptkasey cc^nmanications links are show 
by he&vy Urns. Supportiag grosmd J^^ies are stown in uash^d, 

sqaare boxes (these agencies provide redundant channels for com- 
mimication, shown by thin lines). Tae system should accept the in- 
put of VK^ai-ohsen?ati<Mi reports at my point. 



Ideally, volcanologists and their expert monitoring 
systems should be the ones to notify of an eruption. This 
will eliminate masy false alarms. Realistically, many geo- 
logical agencies do not have continuous, fast-reaction capa- 
bility. When th^ is bo expert system, thz emjstton report 
tmy come from aviattoB <» dvil atAoRties. Tfeere is great 
merit in the systOTs carrentiy operated by die Alaska Vol- 
cano Oteervatory, which vari^ the d^iee of alertness 
l^ed OS c^:^«tiw cntefe COT««Eiiiftg tiie jwtivity m m 
beneath a volcano. 

There may be difficulty in opeiating sach a ^s*em in 
some parts of fte wcsid, hut ftere should be Hale difficulty 
in doing so in North America, Europe, and Japan. Eruption 
monitoring is only re<jjired in areas of potential, explosive, 
volcanic eraption. However, ffiete»rologicai agencies and 
air-traffic services shouid be prepared to deal with ash ftat 
has traveled downwind for considerable distances. 



THE AIR-TRAFFIC-CONTROL 
FUNCTION 

Air traffic controllers should become more active in 
a^^t^ ^ats to wotd ask It is imp<Htaat to ts^^mte 
the difference between avoiding thunderstorms, where the 
prime detection equipment is carried on board the aircraft, 
wed volcanic ash, wbefe ^mssy de^t&^iim and p!?^ction is 
pGmd based. 

There will be three distinct air-traffsc-control scenarios. 
In fee first, aircraft wiil be flying in controlled airspace and 
under controller surveillance. Once the air traffic controller 
knows where the ash plume lies, he will be in a position to 
issue esc£^ advisories to all aircraft wder his control and in 



danger of flying into the ash. Other aircraft shooM receive a 
general volcanic ash warning, giving plame location and tra- 
j©aory relative to aeronautical features. 

In the second scenario, the aircraft will be flying in coa- 
frolled airspace trader procedural confirol wiftotit controlte 
surveillance. In this scenario, the controller may not be 
aware of precise aircraft location and will probably not be 
Ms to isaie an escape advisory. However, the c&msM& 
could issue a volcanic ash warning, giving plume location 
and trajectory relative to aeronautical features. 

In lite third scenario, ths aircraft will be flying outside 
controlled airspace. There is then no air-trafflc-control 
function, but the air traffic services for the flight-informa- 
tion region should issae a volcanic ash warning message, 
giving plume location and trajectory relative to aeronaitical 
features. 



THE VOLCANIC-ASH-ADVISORY 
ESCAPE VECTOR 

When aircraft are under surveillance and control by a 
controller who has an ash-plume location and trajectory fore- 
cast — ^perhaps in the form of an image on his air-tjaflSc-dis- 
play systero — fte controller should be able to divert 
conflicting air traffic away from the ash. This would be 
achieved by directing a message to the aircraft to cause it to 
turn. It would also be t^hnic^y possible to use dataiink to 
upload a plume image to m aircraft's electRHic ii^t Instm- 
ment system (EFIS). 

There is a probability that more than one aircaraft mjght 
need to take immediate action to avoid the plume. To ensure 
minimum delay, the controller should issue an escape mes- 
sage lissig phraseology smilar to ^ followmg: 

Pan, Pan. Par., Pan. ?3.n, Pan. Ali stations. Ail stations. Al! stations. This is 
Vancouver Center. Volcanic eruption at 2143 Zulu; Vancouver VOR radial 
087 DME 55. Advisory escape vectors; Air Canada 149 050; tin^.c air 1 165 
060; ^edbird 682 300. Repeat. Advisoiy escape vectors; Air Canada H9 
050; time air U 65 060; ^jee^jW 682 300. Ov«t. 

There will remain a degree of uncertainty about the 
Icwation and extent of an ash cloud. For this reason the 
escape messs^e torn AfC slKmld be phrased as an advisoiy 
vector. It cannot override the ultimate authority of the crew 
to deal with any situation that threatens the safety of the air- 
craft. There is the possibility that, once the crew are alerted 
to the ash, they may be in a better position to plan feeir own 
escape route. By giving the escape vector advisory status, 
the crew has the option to disregard it if they see that it is not 
safe. However, in the absence of any other observation, they 
would be well advised to follow the adviajry. 

The advisory escape vector avoids giving a long mes- 
sage about the origin, location, nature, and trajectory of the 
ash cloud. It is in a form ftat pilc^ are used to hemag and 
translating quickly into a modification of the aircraft flight 
path. There is a minimum of cockpit data processing 
requiFed to implanent a vector. 
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THE VOLCANIC ASH WARNING 

lliose aiKsraft not ia kim^Jiate conflict with the ash 
clou4 OJ" Jsot sarvefflaace and (or) control, should be 
issued a volcanic ash warning (VAW). In a control and sur- 
veillance environaient, feis would foiiow the volcanic ash 
advlscHry (^cspe vector traiisisissioo. Tie VAW sfaoold be 
revised fitsn time to time as the plume develops and travels 
dowHwiEMi. The VAW message should use aeronautical ter- 
tsmoiogy and mths <^ ntesK^^umtrnt to is$ctS>0 fi»s presest 
situation and the forecast of plume movement it might con- 
tain phraseology similar to the following: 

AB stjttteis. AM' s^ons. AH Nations. TMs k Va»oiiver C«*a 'ifttosk! 
ash warning: voJcasic eniption at Mount Baker. Vancouver VOR racBal 087 
DME 55. Started at 2143 Zulu. Severe volcanic hazards from surfece to 

flight level four zero zero within four zero miles. Plume spreading from 
flight level two zeio zero to flight level four zero zero within arc zero four 
zero to one two zero degrees tnagjietk; to distance one one zeio nMes •& 
2220 Zulu. Plume speed eight zero knots. Out. 

After the eruption ceases, fee plume will detach from 
tihe vent bat will conliiHie to remain aloft and travel dbvm- 
wind. The shape may be distorted by vertical wind shear 
and may develop two or more distinct arms; it may split into 
separate entities. We do not know how long it remains a haz- 
ard to aircraft, but, if we can detect it, we should avoid it 

One of the aircraft damaged in the recent Mt. Pinatubo 
series of eruptions met the ash 600 nautical miles west of the 
volcano. This ash must have been airborne for a long time. 
Thus, it is necessary to keep redefining the plume and pass- 
ing the information to pilots. Simply saying that an 
ersftiofi oocaaDed several hows eaiiier is mt much help. 
That iaformatibn needs asMtioaal dfete beiste it can be of 
any use. Subsequent VAW messages should continue to 
describe the extent of the plume and its trajectory, in plain 
aeronaitical toguage, with ispdates at intervals iK>t to 
exceed 2 horns. 

im ROLE OF PILOTS 

Pilots are the last link in the chain of safety actions to 
avoid or mitigate encounters with volcanic ash. In order for 
pilots to be effective, it is necessary that #ie rest of fee sys- 
tem meets ibe needs of the pilots. Pilots view the sky in 
Uams of rout^ fixes, and (or) coordin^es. To cause pilots 
to re^Kffld rapkiy to a nK&sage, it mmi be given to tiwm in 
terms that do not require ^tJKEBSlation. 

Approximately 6(X) of ii« 1^500 potentiaOy active vol- 
canoes are clasafied as active. Voiainoes are not geaerdBy 
marked on aeronautical route charts, and most pilots would 
be hard pressed to come up with the names of more than five 
volcano®;. Givmg pilote references to volcanoes by name 
will not produce a rapid response. Another problem is lhat 
many of the names are unfamiliar and in foreign languages 
iart are :hard to pronounce. Evm if a pilot has a chart with 
volcanoes on it, the ^ken name may not be qpickiy related 



to Ae vsmtoen name an the chfflt. Tl^ may well be mM- 
guity between a pilot's understanding of a spdken fsmse awi 
charted names. IBeref^Mre, a statranent of where an eruptitm 
is occurring expressed in aeronautical terminology will be 
more helpful to a pilot than the name of a volcano. A bearing 
and distance from a navigational fix, or a latitude and longi- 
tude, will give a pilot the locaticai. 

Statements of distance should be expressed in nautical 
mile% rate of movement in. knots, and plume heights should 
be given to pil<rts in fli^ levels (ptemm dtitmh no^sured 
in hundreds of feet). References to time should always be in 
Coordinated Universal Time, 



PLUME AVOIDANCE 

Before operating in a region of known potential volca- 
nic activity pilots should check SlGMET's (significant 
meteorological information reports), NOTAM's (notices to 
airmen), ATC directives, and PIREP's (pilot reports) for that 
region. To aid in identifying regions that are potentially 
active at a particular time, a system based on the Alaska Vol- 
cano Observatory color codes could be u^sM for aviatim 
and would draw closer attention to the sitiaticm when 
required. The exact definitions of the conditions indicated by 
the colors would need international sms&m x&xig^m ssaA 
agreement bef<ae the system could be fuUy implemented. 
The conations green and yellow might normally be supplied 
only to air traffic centers esad aar-carrier dispatoh offices and, 
on request, to other users. Con<ition orange or r^ ^K»ild 
give rise to a special NOTjIM., . , . , : 

Th^ is a foi a mm^ pamty ft^ m vdbamc 
infijimation. KLM Royal Ehitdj Airiines has suggested 
VARTAM (volcanic ash report to aiimen) as a special cate- 
gory of volcanic NOTAM. There is a precedent for 
NOTAM's of Ms kind m fee tisage: SNOTAM is u^d in 
some countries for snow information. If the VARTAM idea 
is accepted, the International Federation of Air Line Pilots' 
Associatiom^MJ?A) wo«ld Iflte to prqpc^ tihe variatot 
SIGVAR for a sigmficsmt vokanic ash i«pcat or vdicanic 
SiGMET. 

All infermation products mortioned ^ve are text 

messages. With the aeronautical information communica- 
tion systems in use today, there is a need for text messages to 
serve some parts of Ae world; However, m^sy users md 
agencies have graphical capabilities. For pilots, gr^to; 
products are much easier to use and are more compelling in 
terms ofamffin&igUi^ plans fwte pur|K>^ of avoitoce. 
The standard graphic product is the significant weather 
chart, SIGWX. There is a new internationally recognized 
symbol to repressit a volcanic eruption in progress on fee 
SIGWX chart. However, volcanic ash affecting an airspace 
might come from a volcano off the charted area. Ash itself 
is not an agreed item for display on the SIGWX chart. Other 
graphic products that can be used to display information 



168 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS. FIRST INTERNATIONAL SYMPOSIUM 



about tfae ash-c!oud envelope are trajectory and ^speisiOQ 
ftxpeca^, created manually or by computer. 

Amied m& h^kfmi^&m, pio^ ^mild plan to 
avoid known volcanic ash. In the absence of a clear under- 
standing of the quantitative long-term effects of flight 
through low ash concentrations, there is bo basis to jusdiy 
planned flight through ash. It is best to avoid volcanic ash 
clouds by flying around or over them. Ash plumes contain 
numerous particles that settle from the cloud. Therefore, 
beneath the cloud tbere will be a rain of particles. Pilots 
should iBspoad <pickly and decisively to any warnings or 
diiectives tec«ived in f%M. 

MmGATION FOLLOWING AN 
ENCOUNTER 

Emphasis must be placed on the avoidance of ash. But, 
if ash penetration occurs, crews should know what to do. 
Criteria for recognizing that om's aiiplaae is in a volcanic 
ash plume, and suggested procedures for escaping from a 
plume, are covered in the paper by Campbell (this volume). 
There are procedures that are specific to certain types of air- 
craft, and information from the aircraft manufacturer is the 
best guide to the operation of individual aircraft. There are 
some other principles that are generic. 

Several carriers have developed useful flight-simulator 
exercises. As with any non-normal flight condition, there is 
great benefit to be derived frwn sonulated flight training. 
What the uisdesired event occurs wife little warning, the 
sisijfetof«q*eRat}<« isa great help to the CKw:- 

He type-^>eciflc procedures must tskt fwse^^sm^, hit 
§e&smx axe ts^fel to kiiow. The following reccmmeaSB,- 
iims, are taJcen feom a list compiled by the Aerospac* Indbs- 
tiies Assodatioii {Ctepbdl, this vttteae); 

SPECIAL AIR REPORT OF 
VOLCANIC ACTIVITY 

Pilot observations of volcanic activity are of use to 
others. IF ALFA is a member of the ICAO (International 
Civil Aviation Organization) volcanic ash working group, 
which has produced a special air report of volcanic activity 
form (VAR). Pilots should make sure that VAR forms are 
carried on board their aircraft if they operate near any area 
of potential volcanic activity. The form is a guide to the 
reporting technique. If aH the prompts on the form arc 
answered, a detailed and useful report will result. The f<am 
sliould be handed in to the local meteorological office on 



arrival, but this may not take place for several hours. In the 
meantime, pilots should seek the cooperation of some air 
ttaffic asBtedller or radio operator and iqport the first eight 
sacAoas (Fox, 1988). 

CONCLUSIONS AND 
RECOMMENDATIONS 

Pilots need information to alert them, to the dangers of 
volcanic ash encounters and the procedures for avoidance. 
Training in pco<»d»t«s is vital to prep»e pilots to sk* in a 
timely manner. 

It would be useful to develop a full understanding of 
how long hazardous particles might remain aloft. Kaowii^ 
when to downgrade a warning can be almost as impoitaitt as 
issuing one. 

It is recognized that upgradbg o«r s^jilMi^ to lespcmd 

to the problems of volcanic ash will require additional 
expenditures. However, continuing to operate as we have is 
not only dangerous, it is also very expensive. Over the past 
12 years, the air transport industry and its insurers have 
incurred costs running into the hundreds of millions of dol- 
lars due to encounters with ash. An effective warning system 
is possible with existing tschiK>iogie& A system that can 
re^ice the nunber of ssdEi ^(^etM;^ should be c<»)sMei%d 
woriiy of fkmxM ssppoct. 
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VOLCANIC ASH— THE INTERNATIONAL 
REGULATORY ASPECTS 

By Tmi Fox 



ABSTRACT 

The incidents in Indonesian airspace in 1982 ia which 
two jumbo-jet transport aircraft suffered engine flameout 
due to ingestion of volcmm ash from ftfc Mt G^un^aag 
eruption prompted the International Civil Aviation Organi- 
zation (ICAO) to move quickly to amend its intemalional 
regulatory documents to iBcte<3b riKHifranaests to ptovkk 
volcanic ash warnings to aircraft. In order to implement such 
an iatemational wamiag system, it was also necessary to 
crgaaize m. Mtems&msi Airways Volcano Wateh teal ati 
observations from a number of international observing 
networks administered by other United Nations agencies. 

INTSODUCTION 

When I look back almost a decade ago and try to imag- 
ine if I would have believed it possible that, within a decade, 
an imexm&cmd symposiBm wmM be £fev<^ eai«4y to tlse 

aviation hazard posed by volcanic ash, my imagination fails 
me. As everyone here is aware, in June 1982, the aviation 
comoaimty, aad m^Hed Jast aiKjut eveiyoae else, hemd 
details of the drama involving a British Airways B747, 
which encountered a volcanic ash cloud from Galunggung 
Volcano and lost power on all four engines when flying at 
37,(X)0 ft on a flight from Kuala Lunapur, Malaysia, to PeiA, 
Australia. 

Initially, Aere was cojisideraWe ^eptkisin fli^ volca- 
nic ash could have been the cause of the incident, and, even 
when this was later confirmed on examination of the affected 
engine md by tihe cxxarrence of a lepeseA pofotmaiK© a few 
weeks later when a Singapore airlines aircraft had a similar 
encounter, there were still those who classified the incident 
as a rare event 

Rare event or not, the International Civil Aviation 
Oiiaiiization, the iBtmtatbaal Air Tran^KHt Associatjos 
(lATA), and fte Iiifta:!ia^otml Ftederaaion of Air Line Pilots' 
Associations (IFALPA) took the warning seriously and 
iffimedtacely f ecx^ii^ tl^ extrwe liazard 6m. a voicaiuic 



ash cloud posed for any aircraft unfortunate enough to 
encounter it 

DEVELOPMENT OF INTERNATIONAL 
EEGULATORY MATEMAL 

Tne ICAO Air Navigation Commission moved swiftly 
and provided member states (i.e., countries) with interim 
measures to ise token when volcanic eraptions occur in 

flight-information regions (FIR's) for which they are respon- 
sible, pending the development of the necessary formal 
am^idments to inlmiasiffirial legalatoy docHSjeats. 

The formal amendments were subsequently developed 
with the assistance of the volcanic ash warnings (VAW's) 
study grosap aad became ^^icabte in 1%7 f!%>x, !%8). The 
VAW study group had been created by the Air Navigation 
Commission to assist the Secretariat in developing amend- 
mfflfts to mie3:T^oaiiT<!sgx^iSory''^4oaMimsis fet'pmvicie for 
volcanic ash warnings. The group comprises experts in oper- 
ations, aeronautical meteorology, and voicaaoiogy fix>m 
fljtee mfflsiber states mi five mtmiaikm^ otganizs^cm. 

Presently, international regulatory provisions require 
aiat information on volcanic activity, including pre-eruption 
a<^vi^, and iti^csmadoii shmt a volcanic enii^on and tibe 
resulting ash cloud should be transmitted to aircraft operat- 
ing on air routes that could be affected and, if necessary, 

affected area. This information is required to be transmitted 
in the form of notices to airmen (NOTAM's) issued on the 
initi^EEive of area control centers (A{X*s). Information of en- 
rmx^ weather phenomena that may affect the safety of 
aircraft operations (significant meteorological advisory 
(SIGMET) messages) is issued by meteorological watch 
offees (MWO's). Tbs provisk*a of this infcxmatiOB forms 
pat of the dbtks c€ die A<X and MWO resptmsible, in thtax 
respective Helds, fcsr a patliciilar flig!3i-iafanaft2^<m region 
(HR). 

Ttie fuBdamental qudsti(»t is haw from where Ae 
AOZ and MWO are expected to obtata the initial 
lilams^n a volcmleeaii^m-lias^^occiiised .or &at a 
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volcaaic a;^ c}c«id exists at critical flight levels sear as air 

In file finai m^m, the specific mms emi^oyed by a 

member state in discharging its tes{K»JsibiIities for an ACC 
or MWO is a matter for the soember state concerned. 
Howew, it tm beea clear fma ike begfcimg i^t liie 
volcanic ash problem is of international concern and usoally 
of regional operational impact. Under these circumstances, 
ICAO, wi#f fte asskSsEQce oi o)im 'mtmtaS^xM <H-^iza- 
tions, established an International Airways Volcano Watch 
(lAVW) in 1987 to ensure that any information available in 
a membsr state concerning volcanic activity is injected as 
soon as possible into the aviation system via the ACC and 
(or) MWO of the FIR concerned (Heiken, 1988). To achieve 
this, we have sought and obtained full cooperation firom a 
number of international organizations. 

INTERNATIONAL AIRWAYS 
VOLCANO WATCH (lAVW) 

The idea behind the lAVW was that it should be based 
on an crf)serving triad comprising: 

1. Observations from existing ground-based stations 
drawn from all iosown organized international observ- 
ing netwcsrfe, regardless of ti^ir partioiJar specialized 
ftinction, 

2. Special aircraft reports, and 

3. CfeSCTvaticsas froni satellites (m^earoiogKjal and aon- 
rt»te(KX^>g!C3i, as s^^pm^is^}. 

GROUND-BASED OBSERVING 
STATIONS 

In the case of the ground-based networks, ICAO only 
isas a direct influence on aeronautical meteorological sta- 
tions, which mi not n(xmsMy located osar active volcanoes. 
Nevertheless, we began with these stations by introducing 
provisions in the relevant international regulatory documents 
(i.e., iCAO Annex 3/World Meteoroiogicdl Organization 
(WMO) technical regiriations) requiring the issuance of 
volcanic activity reports by these stations and providing a 
staiKlard fc«mat. These provisions were then used as a model 
wtej we requested the cooperation/operation of other inter- 
national organizations is providing for similar reports from 
fl»ir obMrving networks. 

in this regard, WMO has iatrodsiced provisions into its 
intematkrf regulatory documents covering the global- 
observing-system component of the World Weather Watch 
(WWW) to ensure that reports of volcanic sujtivity are made 
and transmitted to Ifee relevant ACC or MWO by synoptic, 
agricultural, hydrological and ciimatological observing 
stations and by merchant ships providing routine weather 
repeats. The Wotld Otgmizsiicm. of VolcaiK> Observaacaies 



CWOVO),a commission of the International Association of 
Volcanology and Chemistry of the Earth's Interior 
(lAVCEI), h« made arranganents for volcanic activiQr 
reports to be sent to the relevant ACC's and MWO's by 
volcano observatories strategically sited to monitor active 
volcaooes; ite i^»ssaary telq*<sttetelex/fex contact 
numbers of the ACC's/MWO's have been provided to 
WOVO for this purpose. Member states have also been 
raqaested to mate r^cc^aay arraagean«its to ensure iMt any 
information on volcanic activity that may become available 
from other national sources, such as forestry posts, border 
castoms/immigration/police/army posts, etc. (many <rf 
which are located in remote regions wiftin sight of volca- 
noes), should also be sent to the ACC/MWO of the FIR in the 
nwmber slate where the event is located. It is expected Iftat 
such arrangements could be made separately for each gov- 
ernment department or, better stiil, as part of the member 
date's E^tonal disaster ^^m. He intended thrust of tfiese 
mm^m&its ts ti^ ai laoDiflb^ stites should be aware that 
if there is a vokank erBpi<»i anywtore in their territory, 
aviation needs to know aboat it aS: sckhi as possible. The 
ACC concarEted mU thesn decMe wijether cr not it is likely to 
be of c(mcem to svis^dm and how to f^oceed. 

AIRBORNE OBSERVATIONS 

The second leg of the observing triad is based on reports 
of observations of volcanic activity by pilots. This source of 
information is critically important because "unfortunately" a 
pilot is often the first to observe the eruption (or at least the 
resulting 2^ ,do«id). I say "uafcstenateiy*' because ot^rva- 
tion, especially at night, is generally only possible when 
"encountering" the ash cloud, and it is aircraft encounters 
vwtfi ash cfoiSis ^st we wish to avoid. In (»der to assist the 
pilot in sending such reports, an ICAO special air report of 
volcanic activity report (VAR) form (fig. I) was developed 
by fee VAW study group, based upon two earlier reporting 
forms tested by the Air Transport Association of America 
and Qantas .Airlines (Johnson and Casadevall, this volume). 

lATA md IFALPA making continuous efforts to 

ensure that airlines and pilots are aware of the special air 
report of volcanic activity by including such information in 
training docum^tittion and in operating mantials. !t will be 
noted that the first eight items listed in the form concern 
information that is needed immediately and, therefore, is to 
be transmitted to the air tragic service (ATS) unit by r«£o. 
An additional seven items concern information that is to be 
completed in written form and handed in at the next point of 
landing. On receipt by the ATS unit, the information is to be 
relayed immediately to other aircraft concerned, passed to 
Ae ACC for decision regarding the issuance of a NOTAM, 
and forwarded to the associated MWO for issuance of a SIG- 
MET. Subsequent NOTAM' s would include additional 
tnfcsrmaticw, as n«:mary, concerning rerouting, etc.. 
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MODEL VAR 



Operator 



(m pet &m 7 Kkftte- 



Dep. 6Qm Dt^ 

Art. a D«te 



Tarn 
Time 



UTC 

.... mc 



AMft:sse» 



AIREP SPECIAL 





I 


Aircraft ideaUficatioa 






2 


Position 






3 


Time 




s 

E 


4 


Flight level or altitude 




C 
T 


5 


Ve^ia&e »c**y <*«erved at 




I 


6 


Airteti^MU« 




O 
N 


■7 


Spot wind 




1 


g 


(Brief deseripStm of aairi^ 
including ver^at end kaerd «mm 
of ask cloud. hori3X»ml imvemem, 
rate <^ grawtit, ac. as tfi^akl>le) 






















M^iwietg mSMnadon i» ikk for xtaosaaas&on by RTF 


























TICK[ 


7] THE APPROPRIATE BOX 








9 


Density of ash cloud 


(a) 


wispy 


□ 


(b) 


moderate dense Q 


(0) 


very dense 


O 


S 


10 


Colour of cloud 


{*) 


white 


□ 
□ 


(b) 


Ught grey O 


(«) 


dark grey 


□ 


E 
C 


U 


Eniptioa 


(«) 


eoH&atous 


□ 


&> 




<c) 


not visibtc 


□ 


T 
I 

O 
N 

2 


12 


Vq^x of activi^ 




nd)t^ 




m 

<e) 


iB<ie D 
{Unobserved Q 


(c) 




□ 


13 


O&et observed feiiures of <au^oti 


(<i) 


a^&Botit 


0 


(e) 


gjow □ 

mt^ttooBosigc'kiaid □ 


(c) 

(0 


large rocks 


□ 

o 




14 


Effect on aircraft 


(«) 
(5» 
<g) 


comtnunieations 
pilot static 
nil 


0 

□ 

o 


m 

(e) 


aav. systems □ 
''"'iiidtecreesi □ 


(c) 

(0 


engines 
wiadbws 


□ 
o 




15 


Other effects 




turbulence 
ash d«}>oiats 


o 
□ 


0) 


St. BitxM Rbce □ 


(«) 


&mes 


□ 




16 


Other information 


Add any inforrm^kjo ecaa^ewd usefiti 









Figure 1. Volcanic ash repotting form (VAR) approved by the Ititemational Civil Aviation Organization for use by pilots. This fonn is 
carried by each pilot in their flight handbook. Items I -8 (section 1 ) are to be reported 'mme&.t&ly by the i^k« !» the respcmsible air-tiaffic^ 
control center. IteKss 9-16 (section 2) are to be completed and filed after landing. 



whereas subsequent SIGMET's wouid include trajectory that any information they may have concerning volcanic 
forecasts, etc. Membra' sates bave also b^n leqaested to activity is to be passed imaK4iately to the ATS unit with 
airange meters so feat general avistfion pilots are nuudte aware which th^ are in ccHitact. 
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MONITOEING BY SATELLITE 

The third leg of the observing triad is based on monitor- 
ing volcanic eruptions and volcanic ash clouds by satellites, 
la Ms i«gar4 MM> has recpesl^ WMO to ^vise m tm 
regional meteorological centers that could assist in monitor- 
ing volcanic ash clouds and providing trajectory forecasts. In 
addition, WMO is axsrdina&g dte farfter cbvelopiReM of 
forecasting techniques needed to provide trajectory fore- 
casts. National and regional arrangements have been made in 
a» two r^ons ftat feave bees moA affect^ by ib& volcanic 
ash problem, in Southeast Asia and in North and Central 
America. However, as illustrated by a number of papers in 
Ms symix^ium, ^tsere are a nvmba: of difficuMes in fee 
Interpretation of satellite data to detect and track volcanic 
ash clouds. Effective satellite monitoring of ail potential 
j«-ol)l«En ajasas 24 hours per day, preferably automated, is the 
ideal, bat it does not seem tiiat this will be realized in the near 
fiitare. Cuaeatly, woik is proceeding tihroug^i WMO to have 
tibe necessaiy WMO regulatory documents m^itdbd to 



introduce volcanic ash monitoring and trajectory forecasting 
as pait of r«^x»sibility of carteia s^i<Hid[ nMteoi«*>gica! 
centers that have the necessary capability. Similarly, the 
ICAO communications/meteorology/operations (COM/ 
MEf/CMPS) division^ meeting (feeld in Montreal in 1990 
jointly with the ninth session of the WMO Commission for 
Aeronautical Meteorology) recommended that volcanic ash 
cloads shcasM be included on lie significant weate fore- 
casts (SIGWX) issued by regional-area forecast centers as 
part of the world-area forecast system (WAFS). In this 
n^ard, WMO isas developal iie j»c«ssary symbols for Hie 
depiction of volcanic ash clouds on WAFS SIGWX forecast 
charts. The lAVW is shown diagrammatically in figure 2. 



NON-EEAL-TIME IMFORiMATION ON 
VOLCANIC ACITOTY 

la aJditioa to the foregc^og real-time iirformj^oa on 
vokaaic ^vity, sdevant ICAO legiistoEy documaats dso 




Figure 2. Organization of the voiantaiy International Airways Volcano Watch (lAVW). HF, high frequency; VHF, very high frequency; 
see text for od»r aatmyms. 
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require that member states should include, as necessary, in 
their aeroaartical information publications (AIP's) details 
ccsjcersing my volcajoes loc^sd in tfie flight-informatian 
region for which they are responsible. Moreover, the Stoith- 
somm Institution has kiadiy agreed to routinely provikie 
coipm of tiheir Bu!lelin of the GIoW Vdcmism Netwjsk 
every month to ACC's/MWO's that require it (McClelland, 
dus volume). This publication keeps ACC's/MWO's 
infcHised m the casreiit st^s of asfive volcanoes and 
fljoeby providsss iiapcat^t badcgrouad inft»ma6oa. 

CURRENT AND FUTURE 

WORKINICAO 

The foregoing describes the international regulatory 
aspects of the problem as they stand today. Although there 
will cKtainJy be ameBdments to regulatwy docaiRenis to 
improve or add to existing procedures in the foture, most 
effort needs to be brought to bear on the effective implemen- 
tation of existing procedures. Some of the problems (such as 
the initial observation of an eruption by satellite or other- 
wise, the development of techniques to assess the content 
and density of the spreading volcanic ash cloud, and the 
associated safely vcm^n for j«; engines mede4 to pesmit the 
reopening of affected routes) are of a t©±mical nstore and 
will not be solved overnight. Other problems, however, are 
of a more procedural nature and should be amaaable to 
impffovenaent. Indeed, it is earnestly hoped tib^ tht results of 
the exchange of information and ideas at this symposiutn 
will help to achieve this goal. 

Ptxm the jntera^onai perspective, the single m<st 
important procedural problem is that of communications. 
The flow of infKmatioa fircan initiy observation, frors vsfett- 
ever source, to sfee ACC and MWO is fraught w:th problems. 
To start, non-aviation sources generally have little or no 
experience in working with the aviation system, md clear 
chjmaels of cammimication have to be developed, Mecessary 
procedures have to be kept current because years may go by 
without them ever having to be activated. Such problems are 
to be expected, given the disparate p«ies inv<^ved. What Is 
not usually expected is that a similar problem could exist in 
the communication of such information between the ATS 
unit aM the p«!ot In fact, however, often fliere is such a 
problem, which not only affects the provision of warnings of 
volcanic ash but also other hazardous phenomena, such as 
wind shear, clear-air turinileace, etc. "Ilie cosmmunicadon 
pressures on ATS units these days are such that it is 
extremicly difficult for them to act as virtually the only com- 
munication interface between metec^dogical dq>artments 
and the pilot. As air traffic continues to grow, it seems likely 
that major improvements will be difficult to achieve until the 
^v«»rt of datalink communications later in this decade. In 
dse me^feoe, ^forts will continue to be made to mitigate 
file prcAlem and, in this regard, tbs i»ed to provide iafacma- 



tion quickly in a concise, qpo-alipsally relevant farroat will 
be paramount 

One exanple of an effort to improve commiaiications is 
the color-code system developed in Alaska to indicate the 
status of a volcano (Brantley, 1990). A color code, based on 
fise Ai^kaa co& wm prc^x>sed m the second meeting of she 
ICAO Asia/Pacific Volcanological/Airspace meeting in 
Bangkok in September 1992, and member states in the Asian 
and Paiific regi<ms will be ^ccsifaged to me Ms code when 
reporting volcanic eruptions to ACC's and MWO's. Could 
this format be used worldwide, or would specific criteria 

to be developed for differeat types of volcanoes, and, if 
so, how many? The views of volcanologists on these 
questions would be very useful because such an agreed-upon 
fonnat would lend itself very well to inclusion in ICAO 
international regulatory documents. 

In order to tackle some of the comimunications 
problems, the ICAO council, in 1992, approved a special 
implementation project in the Asian and Pacific regions for 
1992-93 in which a two-person team (comprising an aero- 
nautical meteorologist and a volcanologist) will visit a 
number of member states in the regions to advise, as neces- 
sary, on local arrangements for the routing of informatics m 
volcanic eruptions from observing stat!<»s fcoagh flje 
ACC/MWO to the pilot 

In tite imir^diate future, ICAO, with the assistance of 
the VAW study group, will finalize preparation of a hand- 
book covering all aspects of the volcanic ash problem to 
serve as up-to-date guidance material for membesr states. 
Canpletion of the handbook was postponed until after this 
syoDposium so as to permit the inclusion of the latest experi- 
ence gained during the resent volcmic «raj«ions a. Re^mbt 
Volcano in Alaska and Mount Pinatubo in the Philippines. 

The importance of the Redoubt Volcano eruptions 
c^fflot be ovesr emphasized because ^ey have finally 
dispelled any lingering doubts about the operational hazard 
posed by volcanic ash; they have provided an opportunity for 
a dbtaied exainin3t{<») of dhe op«n^<»tal procedures; and 
perhaps most important, they have been the catalyst that 
prompted the holding of this international symposium. I am 
confident iisd, given fte conttnu^Ki en^tsiasm c^the people 
involved in all their various fields of endeavor, the volcanic 
ash problem will be resolved in a satisfactory manner. 
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SEATTLE AIR ROUTE TRAFFIC CONTROL CENTER 
RESPONSE TO ERUPTIONS OF MOUNT ST. HELENS 

By Robert F. Hamley and Donald H. Parkinson 



ABblRACX 

Following notification of an erapticwi of Mount St 

Bfelens, file Seattle air route traffic control center (ARTCC) 
weaUht«r s«vice and traffic management units begin a mutual 
effort to determine the horizontal and vertical extent of the 
ash plume. Ash-cloud reports are gathered from ground and 
airborne observers, available imagery is used when possible, 
and SBh-plame movemast is determined ming avail^le 
wted data in conjunction with observations. Ash-plume area 
and movement must be determined as quickly and accurately 
as p<»sitvle so that m traffic <^ be he^ weH away fixan fte 
hazard. 

Data sources, including satellite and radar imagery, are 
of extremdy limited vaioe f<x UHnw wkanic erufAions. 
Visual ash-cloud reports have been the primary information 
source on the presence of ash but are not available after dark. 
Gcedibiii^ and completeness of rqjcats is a major problem 
even during daylight hours. Considerable upper-wind data 
and wind forecast guidance is available but must be used 
wiii cauticai ssd ccmiderable cross-checking. Aircraft wind 
Fep<^ provide an essential supplement and verification. 

Ba^ on fee observed and predicted extent of the ash 
ptome, the traffic management unit (IMU) examines the 
impact of the event on air traffic routes, several of which are 
close to Mount St. Helens. Advisori® are setA to air traffic 
facilities and to system usors thM icbntify a£fected ar^ and 
suggest alternate rcHites. 

INTRODUCTION 

When Mount St. Helens volcano erupts, the ash cloud 
spewed Mo &e atmosf^ew can quidcly crem an rniergmcy 

situation to the pilot who unknowingly enters it. Engines, 
both jet and piston, are easily damaged by volcanic ash when 
it is |Ke^nt in siiffi<^H* qualities. It is ^ wgeM matter 
pilots be made aware of the location of a volcanic ash plume. 

Upon notification of an eruption, the Federal Aviation 
Administration (FAA) ARTCC in Seattle takes immediate 
action for the protection of air traffic. Under the direction of 
the ARTCC area manager-in-charge (AMIC), the TMU and 



fte Center Weate Service Unit (CWSU), siBMei with fte 

National Weather Service, become involved in a joint 
response effort. The problem is to determine the vertical and 
horizontal extent and iiort-tiafm hariizmta} movanent of the 

ash plume and to provide that information to pilots aid fee 
air traffic system (ATS) as quickly as possible. 

Ute foots d this paper is on ihe minor ©rei^oas of 
Mc«unt St. Hdens during the period 1989 through early 1991. 
Tlsese involved Imrsts of steam and unknown concentrations 
of ash that reached altitudes of 12,000 to 25,000 ft. The 
limitations confronting the response effort and the lack of 
knowledge re^garding the actual hazard to aircraft are more 
2Kaite fcs these smsdier events fem for m&jot eruptions. The 
degree of uncertainty underscores the importance of treating 
them as legitimate hazards to air traffic even if the risks 
might be negligible. 

EVENT NOTOICATION 

Seattle ARTCC normally receives very early notice of 
an eruption of Mount St. Helens. Initial notification oftm 
comes from a pilot who is in continuous radio contact with 
an air traffic controller. Pilots flying under visual flight rules 
(VFR), and Aus not required to be in radio contact with an 
air traffic controller, also m.ay contact Seattle ARTCC to 
give notice of an observed eruption. When either the U.S. 
Geologic^ Survey C^cade Volcano 01»ervatory or U.S. 
Forest Service persoimel in the area become aware of an 
eruption, Seattle ARTCC is designated as the first facility to 
notify (Myers and Theisen, this volunw). 

Seatde ARTCC is therefore in a position to provj<k 

early event notification to other agencies and to react 
promptly in issuing advisories to the air traffic control 
(ATC) systfflu and system users. Facilities that Seattle 
ARTCC contacts for event notification, including those 
involved in advisory and forecast support, in most cases have 
had no prior notice of an event before being contacted by 
Seattle ARTCC. Notific^on ,pMoimed:by Sm&P AM'QQ 
is shown in table 1. 
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Table 1. Mount St. Helens eraption notification and forecast 
cooKS^ioa inyoiviBg Sescte air teafSic c(a«rol. 



Seattte cantor nweto»>£iMkm<tf an erq^OB of 
MumatStWiemlefmi 

Pilot reports 

Cascade Voicaao Observatory, lf.S. Geolcgicai Svrvey 

U.S. Pca^^ SOTiig, Momt St Heleas offe 

Notjgcation pvea by Seattle center Snclttdes the foBowgig: 
Washington and Oregos Departments of Emergency 
Management 

Cascade VolcaiK) Observatoiy, U.S. Ga>l<^cal SBrrey 
tI.S. Forest Service, Moimt St. Heleas and Mount Hood 

offices 

FAA regional oSice, northwest mountain region 

Air traffic control facilities (regional) 

Nati<mal Air Traffic Coatrol Syaem Command Center 

NotSfication given by &c center weaSier service itieteoralo|^ 

for forecast and wammg coordsaafjoii: 



e Forecast office, Natioaal Weather Service, Seattle, Wa^. 
• Sys<^c ^aij^ taffldi, NatiMal Mete<sol<^cal Cenier, 

Camp Springs, Md. 
» National aviation weather advisory unit, Kansas City, Mo. 



LOCATING THE ASH PLUME 

Before air traffic can be properly directed to stay clear 
of volcanic ash, Ae ash plume imust be loc^^ aid its height 
estimated as accurately as possible. Satellite and radar imag- 
ery available in the Central Weather Service Unit can be 
used for t& pm^3s&t asti 0cA reports cm be sdktei 
feroogh center controllers. 

Satellite imagery now avaiM>le in the CWSU has bees 
recently (October, 1991) upgraded. Data ftom the geosta- 
tionary orbiting environmental satellite (GOES) is avail^k 
via satellite link to a new meteorological workstation, known 
as *e meteorologist weather processor (Hamley and 
Schultz. 1992). 

Visible and isfirared images are received each half-hour 
ai*d- can be viewfd on a high-iesolution monitor with 
aaimation capability, an unlimited degree of zoom, and &e 
c^iebility of .infrared color^ enfaffljwsmeat. ftteviousiy, one 
hard-copy satellite image was rwwived each half-hour via 
Harris laserfax. Radar data is derived from five air traffic 
control radars (FAA and military), located in Washington 
and Or«^on, a»d two Nationial Weffliier Service (NWS) 
radars. 

Table 2 provide a sabjecUve assessrtieat of radar and 
satellite p^rforaaance th^ cwild be expexaerf dining a major 
eruption. Images are viewed on the meteorologist weai^r 
prcw^CKT, either individually or within a mosaic, and may 
also be animated. Mosaic-display capability and animation, 
previously unavailable, are both incorporated into the new 
system. Imagery now available to the CWSU is superior in 
many respects to tisat which ssKxessfiulIy detected the ash 



T^Ie 2. Imagejy available in the Center Weather Service Uiit 
ttocw^ meteorologist weaftar processor. 

|MW7, CTteorologis! weather procKisor; GOES, gcostatioaary orbiting eaviroawaiHaj 
sateilise; ATC, air traffic control; KWS, National Weasher ScviccJ 

SateDite imagery 

GOES infrared and visible images available via satellite link 
asd 'wewed on high-resolution moaitOT. &t&ared cote- 

enhaaceaaeat and animatioa capability. 

3gadhr imagery 

Viewed on MWP monitors. Individual radar images or mosaic 
display of all; includes animation capability. Data is available 
&<Ha tis fdlowiti^ ATC and NWS radars: 



Site 



Portland, Oreg. 
Salem, Oreg. 
&p<to^. Wash. 
Seattle, Wash. 
Condon, Oreg. 
Klamath Falls, Oreg. 
Missoula, Mont. 



Radar type 



SR74C (NWS) 
RSRl (ATC) 
?S67(ATC) 
RSRI (ATC) 
RSR3 (ATC) 
PS67 (ATC) 

WSR57 (NWS) 



E^taiM sti^h^^kme iete<^im «sipaMties md 'Smtai&sm 
of angaHaMe imagery daring a major eruption 



type 



Day 



Nig 



Radar 



Satellite 
images 
(visible 
light) 

Satellite 

images 

(infrared) 



Positive detection. Poor 
definition of horizoBtal 
ash distril^itica; no ver- 
tical disaiminatirai. Detec- 
tion limited by ground 
clutter and obscured by 
praa|station. 

Detection limited by coa- Ho data, 
trast with cloud cover, 
otherwise good daring 
bright daylight. 



Same as day time. 



Excellent detection of ash 
plume extending above sar- 
roaading ckM. cover. Esti- 
mMion of f^sme-l^^^ is 
accurate withjE approx. 
5,(XX)ft 



Same as day time. 



plume following the May 18, 1980, eruption of Meant St. 
Helens. We therefore assume that it would yield considerable 
information in the event of a major eruption and large ash 
plume. In contrast, radar and satellite imagery provided us 
with little or no data during the minor eruptions of the 1989 
to 1991 period, due to the small size of these events. Small 
plume size, low plume height, low ash content, and surround- 
ing clotrf cover all contributed to ota: inability to identify aa 
ash plume in radar or satellite images. We dmhi. that new 
image-viewing and processing methods available with the 
meteorologist wether processor will make ap for these defl- 
ckmcies becmise the prt^lem is in:»ifficient image data. 
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Lack of available ash-piume data does not lessen the 
need to i^poud to a p<»sibie airborne hazard. (Mier 
resources must be used to the fullest degree, including pilot 
M^KHts aad observations from ground observers. Hese 
soiH^es bave px>vided rw^t of ivs dsaa oa vofcsfflic esms- 
sions that has beesi msd in makkg dsctsions at SeaHie 
ARTCC. 

Hie meteorologist and die TMU supervisor co(Hdiitate 
on the need for information that can be supplied by pilots. 
The TMU solicits tihese reports through center controllers 
and disseminates them to both the air traffic system and the 
aviation community. Other visual reports may come from 
the Casc^ Voicaao Observattay, file U.S. Forest Service, 

liable 3. Mormt^cmfixffit visual d>servatioas^)outa&hpiumes 
from Mount St. Helens. 



ladr&rm^aH smnxs 

Pilot reports 

Pilot reports go directly to air traffic controllers and are passed 
on to the TMU. TMU and center weather service solidt 
additiOTsd repcrts tlaou^ ooiaroMers. TMU trananits rqxjrts 
for distribafcian m&m the air traffic sptsm and extenally. 

C^iUs are mz^ to, <k ret^ved fiwati, Ca$cade Volcaso 
Obscrv^oEy (U.S.GojlK^cal Survey) and Msmst St Heteis 
office (U.S. Forest Service). Routine, non-automated, hourly 
surface observations are available from: Portland, Or<^.; 
Toledo, Wash.; HiilstoOi C^.; Yakaaa, Wash.; TimtdsJe, 
Oreg,; The Dalles, Qreg. 



Information supplied 

Pilot reports 

Ai^ ^escdp&m <d ptame plume amemml. Riysical 
description of plume, including apparent ash content. Increase 
or decrease in plume activity and whether plume is continuing 
to rise. Accmate plume4©p repcst aJiraaft is sear sititJiKk of 

plume top. 

SiBrfk« <^sar»ati<»s 

Sfflse overall as for pto rqxgts «xce|« mxe limitai, as 
iMcated below. 



Limitations 

Pilot reports 

Darkness, surrounding cloud cover, and &^ visibility. 
DijGSculty in describii^ plume area arid as^sesan^ asbi content 
Also iiiiiited by mmbw of aiicrafi: in voIcaiK) area. NoaiKaaft 
above about 40,000 fl; therefoiie, so accurate estimate of plume 

top is possible at altitudes si^aificaatly above 40,000 &. 

^gface observatiiga 

Darkness, surrounding cloud cover and visibility. Perspective 
and distance from volcano limit accurate description of real 
extent, movement, and physical appearance. Pluae-top 
^tim^es sot reliable. 



or from manned weather-observing stations in fee general 
area, depending uptm the degree of daylight and the amount 
of cloud cover. 

Sightings made by ground and airborne observers can 
esi^ish flie direction of movement of the plume and {»o- 
vide a very general description of its size, ash content, and 
ash fallout Pilot reports ajpe tfae best ^Kirce to determine the 
^mm altitude within nanow limits. Uoweves:, tioae of dtese 
(Ma, even coJiectively, caa give bs a compehaosive picture 
of ptoise laea. Teblt 3 mtmmsixes informaSon provided by 
visusd dbservations. 

Credibility of ash reports mast be qjiestiosed because 
they are quite often misl^ing. Pilots sometiis^ seem pre- 
disposed to observe ash around Mount St. Helens or in any 
area where it has been previously reported. Still, pilot reports 
have been cm m<%t valsed, aiKl sometimes exclusive, source 
of dm. pertaining to as ash plume. 

FORECASTING SHORT-TERM 

PLUME MOVEMENT 

Once the general area that may be subject to airborne 
ash has been determined, fees plume drift mast be consid- 
ered. Because we attempt to anticipate movement in the very 
short term, the current drift tendency (as dictated by upper 
winds and seen by observers) will weigh heavily in advisory 
products. Ash movement through a range of altitudes must 
be considered because wind direction and plume travel may 
vary greatly thr«^ tibe verticai range of fte plume. 

Upper-air observations, including wind measurements 
from the surface to more than 50,000 ft, are taken twice daily 
(at 00 UTC and 12 UTC) by stations in Sie upper-air-obser- 
vation network. The site at Salem, Oreg., located 85 miles 
southwest of Mount St. Helens, is the site closest to the vol- 
cano and it is often the most representative of wind flow over 
the mountain. However, this may not be the case if there is 
significant shear or curvature in the wind field between 
Salem and Mcmat St Helois cs in flie evest wind veloc- 
ity has chMiged sace die pievious dbsarvMicxB vm t^fces. 
We UKsefiare lUfst <xms^T'wtM' 4^ -cteffirvisl fern c^er 
sites in the regiai and interpolate as necessary. 

Automated e|^-wi»i le»asea^ (Aviason : We^^sr 
Services, 1985, p. 4-18) fitm the NaicHial Meteorological 
Center in Washington, D.C., are also available to the meteo- 
rologist Tnese apply to numerous points in Washington and 
Oregon and to nine dfifereal altita^ levels' ftom 3,000 
through 39,000 ft. In assessing upper winds, currency of 
observed data and verifying Ume of forecast winds must both 
be tdken into account. A c»mpSBison of sateiife frficrtos and 
upper-level forecast charts can sometimes reveal a ptjbkm 
with the model ran and its wind forecasts. 

Pilot repeats are Modier important source of upper-yviai 
information. In the case of a minor eruption with satellite 
imagery unable to define an ash plume, pilot-reported upper 
winds mi peihaps the decking input is the determinaticKi of 
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Figure 1. Example of plume-trajectory forecast for Mount St. 
Hdeas (MSH). SbMted triangular region shows area projected to be 
impacted by a hypotteical ash cloud that would be expected to 

move to the cast of a line from Mount St. Helens to Wenatchec, 
Wash., and east from a line from the volcano to the area of Red- 
mond, Oreg. (RDM). SEA, Seattle. Wash.; POX, Ponland, Oreg.; 
LKV, Lakeview. Oreg.; PDT, Pendieton, Oieg.; YKM. Yakiiaa. 
Wash.; BOI, Bdse, Idaho; BUG, Eagem. Ong.; LWS, Lewiston, 

piume movement. These can be solicited by the TMU from 
any aircraft, but a vari^ of aircraft with areal navigation 
systems are equipped mti a digital display of witid velocity 
that can be communicated to the ARTCC upon request. 

A plume-ttajectcay forecast (fig. 1), coordinated 
between the CWSU assd the National Weather Service fore- 
cast office in Seattle, Wash., furnishes short-term input to air 
teffic advisories followiug an eruption of Mount St Helens. 
This forecast depicts a triangular area intended to indicate 
the maximum amount of airspace into which the plume is 
spreading. Wind velocity and direction of plume movement 
axe indicated for a namber of levels extending from 6,000 ft 
to the V3p<3i1iK plume, if known, but not exceeding a siaxi- 
mum att&Kks of between 50,0(X) and 55,000 ft. 

ASSESSING POTENTIAL AIR 

TRAmC IMPACT 

Although the occurrence of a volcanic event cm pabea- 
tially impact air traffic operations at all airports in the Pacific 
Northwest, the greatest impact is likely to be experienced by 
flights traveling to and from Seattle-Tacoma (SEA) and 
Portland IntenationaJ Airports. Prevailing winds 

ataoss U» BKSawesteats Umied States vary from southwest- 
eriy to northwesterly most of the time. Hius, all arrival and 
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ftgure 2. Proximity of Mount St Hetos (MSH) to major air 
traffic rcmtes. SEA, Seattle, Wash.; PDX, Portland, Oreg.; BKE. 
Baker. Oreg.; LKV, Lalcevicw. Oreg.; POT, Peafleton, Ok)$.; 
YKM, Yakima, Wash.; BOI, Boise, Idaho. 

departure routes southeast of SEA and east of PDX are prime 
caiMfidites to be affected by a volcanic eruption. These 
routes are shown in figure 2 and include: 

1. The departure route that proceeds southeasterly from 
SEA. This xmt& ^lits 50 iiautlcal: miles south-south- 
east of SEA, wiA one so^sn proofing east-soudit- 
east to Baker, Oreg. (BKE), passing 27 nautical tmhs 
east of Mount St. Helens at its closest point The sec- 
ond stream continues soatft-souflieasterly to Lsdce- 
view, Oreg. (LKV), and passes 15 nautical miles east 
of tte volcano. More than 140 flights are scheduled 
daily alcmg Sftese routes. 

2. The arrival route that approaches SEA from the south- 
east via Pendleton, Oreg. (PDT), and Yakima, Wash. 
(YKM). More thm ^ K^aied lights daily use this 
roate, which passes wiiiia 60 miies erf the volcano at 
its ck»est point. 

3. The amval rcmtes that approach PDX from the east, 
via Pendleton, Oeg. (PDT), or Boise, Idaho (BOI). 
"Ms route passes just norfe of Mount Hood in Ore- 
gon, less tea 45 miles from Mount St. Bstas. Sev- 
enty to 75 flints are scheduled daily along this route. 

4. The departwe route from PDX to the east, which pro- 
ceeds directly to PDT en route to eastern destinations. 
TMs route is flown daily by 25 to 30 scheduled fUgias 
and passes 27 miles south of the volcano. 

5. The heavily traveled route for SEA departures to 
HDX. More than 75 scheduled flights daily use this 
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route, with an additional 30-50 unscheduled flights 
a»BiiK»i% mii^ roote on a daily basis. This route 
passes m&m 6 n«itic^ miles of the volcaao aad is 
nmied fat tite isc«i8tain ^HOSJf S aiTi\^). 
Hiese five rcwtess, ^1 of wMcb p;^ wisfeiis 60 sajticM 
miles of Mount St. Helens, are utilized by more than 400 
flights daily proceeding to and from SEA and PDX. Natu- 
rally, the impact of a volcanic event upon air traffic will vary 
according to the magnitude of the event itself, but even a 
fairly minor eruption, such as the one on November 5, 1990, 
affects ijese corridors, causing a major disruption of the 
traffic system during the time that flight operations are 
restricted in the area. An event approaching the scale of the 
csdaclysmic eruption of May 18, 1980, which produced an 
enonxKHis am<wnt of airborne volcanic ash, would impact 
aot oaly the roQtes ^ssaibed above isat wmld have a far- 
reachiag ef^ea oo air traffic over the eatire region. 

NOTIFICATION OF SYSTEM USERS 

Once the scope of the volcanic ash hazard has been 
determined, Seattle ARTCC personnel execute a series of 
procedures desigt^ to warn jur traffic system tisers of the 
potential hazard and to safely and efficiently route traffic 
arotind the hazard area. Wamings and advisories are traas- 
isitted by the kaf&: msmg&mmt unit, lie itxez mamg^-in- 
charge, and the Center Weather Service Unit (CWSU). 

The CWSU meteorologist is required to issue a center 
weaaher advisory (CWA) design^dng die sffecttd area aad 
describing plume height and movement. He CWA is a 
meteorological advisory written in a coded format aad is 
ap to a maxanam of 2 hours. The ai^ Reeled by tise 
plume is described in the heading of the advisory, whereas 
plume movement and altitude is mentioned in the text. A 
CWA is broadcast by ail operational sectors at Seattle 
ARTCC. The FAA manual supplement, "Aviation Weather 
Services" (1985), describes the format and use of CWA's. 

The followii5g is m exampie of a CWA: 

ZSEl CWA 0! 01140CM)ll600. Wma 40SE OLM to YKM to RDM to 
20N FOX to 40SE CLU. Ash plame froca Mourn St Helens a»vin^ 
soaiKaa aiove FL200 and moviag em-tKufiiism, Mow FLW. 
!M»owi) mounts of ash to FL300. ' 

In addition to transmitting a CWA, tfee meteorologist 
will also coordinate with the National Aviation Weather 
Advisory Unit in Kansas City, Mo., for the possible issuance 
of a lOTiger term national advis(»y product Mown as a signif- 
icant meteorological advisory, or SIGMET, which can be 
valid up to 4 hours (Aviation Weather Services, 1985). 

The AMIC is primarily responsible f«r ensuring that ail 
appropriate air traffic control facilities and system users are 
made aware of the event. Alert messages are transmitted. 



' In mvcsiSc coiim>i, a3titi«ies above iS,000 ft are describecl in hun- 
dseds of feet. B.200 t!«sre£>te fqn^seKs 20,000 ft. 



either verbally or via teletype, to ail ARTCC control-room 
personnel, the FAA northwest motmtain region d«Q? oiffic®, 
the Seattle ARTCC air traffic manager and assistant man- 
ager, and all other air traffic control facilities contained 
within Seattle ARTCC airspace. The AMIC is also respoM- 
ble for relaying a acAe to afeaien (NOTAM) to the appro- 
priate FAA flight searvrde sts&m for imn^iate 
disseanination to pilots. For example; 

AiiAioiM tozasi: iDtiftmg volcaaic asb tiom. Umss. St Bsksm to a 
SOate somhofUonmSt. Helens firomtte su^ce to R300, 

(biMng so^westwani. Avoidance advised. 
Such a NOTAM is transmitted by FAA flight service 
stations via the transcribed weather broadcast network and 
by ATC towers via &e autom^ic tenainal iBfonnati<si sys- 
tem. Tb& TMU supplem^ts these broadcasts advising the 
Air Traffic Control System Command Center (ATCSCC) in 
Washington, D.C., which, in turn, transmits advisories to all 
20 ARTCC's in the contigaotjs United States and to all com- 
mercial air-carrier companies. 

TMU is also responsible for determining alternate 
rotites aroand tiie hazard area and for cocadinating feese 
routes with ATCSCC for transmission to air carriers and 
other air traffic control facilities. These advisories are 
updated as appropriate, <tependia§ on tiie a;ope of the ev^it. 

When conditions are severe enough to warrant restrict- 
ing air traffic from a hazardous area, Seattle ARTCC has the 
aatili<srity to teaasfflit a MOTAM 6m teatnpararily suspends 
flight operations in the affected area. This NOTAM is trans- 
mitted nationally and is regulatory in nature. An example of 
such a NOTAM is as follows: 

Highs restrictions as Mount St. Helcii.s efFective^w^diately unti! iurther 
notice. Pursuant to FAR 91.137b, temporary flight lestrictions are in effea 
for a 50-mi!e radius of Mount St. Helens a.n<J on a line from Mount St. 
Helens to Pendleton, Oreg., 50 miles either side, at or below 350,000 ft so 
provide a safe enviraanjM* for airaaft oipm&m&. SeaOie AKTCC is ^ 

IMPROVEMENTS IN THE RESPONSE 
PI«>CESS 

mmjmmG mmmsE strategies 

We believe that the future ability of Seattle ATC center 
to respcstd to a volcanic event can be improved by changes 
in response methods. One change would involve our early 
notification of the National Weather Service Synoptic Anal- 
ysis Branch (SAB). Their use of tihe MCE)AS IE system 
(Souiai md otbers, 1983} for viewing satellite imagoy has 
produced scxme plume data even during minw ©rapdons of 
Mount St. Helens. Immediate contact of the SAB may pro- 
duce vala^ie, near real-time input to short-term air traffic 
advisories. 

We also advocate increased awareness by ground and 
airborne observers of the need for accuracy and complete- 
ness of visual observations. Tliis is especially true for pilots 
because we teiy so heavily on their reports. MtMination of 
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ABSTRACT 

The requiremensts f<x m mtomitad volcanic ash warn- 
ing system are outlined, along with a possible system archi- 
tectore and descriptioa of operatioa. The ^stem woeid 
detect volcanic clouds by coexistence «f sraoma!^ electric 
fields and thermal infrared sources in the lower atmosphere 
above volcanoes, lliese can be measurai by using grouad- 
basai electrio-Seld affls ami wbmsd racloi^t«s, respec- 
tively. Antecedent, strong volcanic tremor woald be used as 
additional evidence permitting instrameital observations to 
be islxKpfeted as an erai^aa ppcxfedag vdcanic ash. Equa- 
tions for estimating the cumulative mass erupted and the 
mass eruption rate from volcanic-tremor data, in terms of 
sredBced displacements, are given in this p^s:. The 
equations are based on the linear relation between eruptive 
masses of air-fail ash and pyroclastic deposits and the 
integral of volcanic-tremor ampiitade for six empticsis oi 
Mount St. Helens. Mass eruption rates and eruptive masses 
deimnined from volcanic-tremor data would be used with a 
{dume-rise model to estimate the input source parameters to 
m ash-trjEB^rt model md fom^t model Tie integrated 
sy^m woald perform volcano monitoring, data analysis, 
ash-clo0d forecasting, hazards evaluation, notification, and 
data osmmanications. Hie volcano-monitoring strategy is 
based <»i covetage of vdcattoes tijJtt pose tite gees^^ risk to 
aviation c^ber klote^ 

INTRODUCTION 

Volcanic ash clouds pose a significant hazard to 
in-flight aircraft (Rose, 1987). An effective volcanic ash 
warning sy^m' ies'm^&^ '^Reddm, 1985; Womrnn, this 
volume). This paper describes a system that might meet this 
need. The ideas in this paper were originally expressed in the 
di^tr^t <rf Harris and Mitchell (1986), who prqpose^ a 
system concept based on using volcanic-tremor amplitudes 
to determine mass eruption rates and electric-field sensors to 
detect clkwds. 

TTie paipose of this paper is to describe an automated 
system for detecting volcanic ash clouds, forecasting thek 



hazaids to aviation, and notifying us<as. This incluctes 

suggested functional and performance requirements for a 
volcanic ash warning system and outlines a possible system 
design. The focus of this paper is on system architecture and 
on methods for obtaining from volcanological observations 
the interpretive data required for ash-cloud detection and the 
<panti£sdve ^ia, D^uired fca: nmsst«st and fmtcmt calcula- 

tiOQS. 

SYSTEM REQUIREMENTS 

The xfesiga.aad anplemeatation of a volcanic ash warn- 
ing system must be bi^ed on ^tailed consadaatten of nses 
requirements, eruptive phenomena, and sound engineering 
practices. An ad hoc approach to waming-^ston design md 
implemaottaSon is not' Ifcely to yield ftte best technical 
approach or optimum system performance. Some suggested 
requirements for a volc^ic ash warning system are listed in 
taS^ 1 (perf<»x&ance lequiienaents) and table 2 (fimctiotta! 

SYSTEM ARCHITECTURE 

The volcanic ash warning system architecture is shown 
in figure i. There are six subsystems (volcano monitoring, 
vok^o data cdiecti<»i, ccHnmunic^km, jsh tramsport and 
forecasting, hazards evaluation, and notifications). Each 
subsystem includes a hardware layer and a software layer. 
Oftfy <he sditwsB% lay«r is shown in %!»e 1. Hie systacn 
hardware (computer and communications interfaces) could 
be located at an existing volcano observatory or regional air 
roate traffic control c«ater (ARTCG). A single coiM 
provide volcanic ash hazard warnings for volcanoes in the 
operations area for one or more ARTCC's. The system 
receives periodic states ireports and data staesms Mm daet- 
collection subsystems at monitored volcanoes. 

The monitoring strategy involves installation and main- 
tenance of volcano data collection modules at volcanoes 
selected by eruption probability and risk to aviation. New 
site would be added after onset of premonitory activity. 
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By David M. Harris 



ABSTRACT 

Hje requirments far aa mticmaisS volcaak; ash warn- 
ing system are outlined, along with a possible systffiEQ mM- 
tecture aad description of operation. Hie sfsibsm mMd 
detect voicasic c!o«<is by coexistent erf smomakms eiecttic 
fields and thermal infrared sources in the lower atmosphere 
above volcanoes. These can be measured by using ground- 
based electric-fieM mills and infrared radios«ters, r^pec- 
tively. Antecedent, strong volcanic tremor would l)e i3^ 
additional evidence permitting instrumental observations to 
be interpreted as an eruption producing volcanic ash. Equa- 
tions for estim^ng the cumulative mass erupted and the 
mass eruption rate from volcanic-tremor data, in terms of 
reduced displacements, are given in this i^per. Ilie 
equatiorss are based on the linear relation betweai ean^ve 
nn«ses <rf air-fall jsh and pyroclastic deposits sM ihe 
integral of volcanic-tremor amplitude for six eruptiojas of 
Mmnt St. Helens. Mass. eBU|>ti9aiates„a!^,,aii{aive mmes 
determined from volcaaic-tremordata woald be osed wiit a 
plume-rise model to estimate the input source parameters to 
an ash-transport model and forecast model. The integrated 
system would padcrni voksaK> monitmng, data analysis, 
ash-cloud forecasting, hazards evaluation, notification, and 
data communications. The volcano-monitoring strategy is 
based on coverage of volcsaioes that pc^ tito greatest risk to 
aNniati^ smd o^xst mtie^e&&. 

INTRODUCTION 

Volcanic ash clouds pose a significant hazard to 
in-flight aircraft (Rose, 1987). An effective volcanic ash 
warning system is needed (Reddan, 1985; Foreman, Ms 
volume). This paper describes a system that might meet iiis 
need. The ideas in this paper were originally expressed in die 
abstract of Harris and Mitchell (1986), who proposed a 
sy^m ccmcept based oa mag vol<»Eic-tteaor amplitedes 
to deteimine mass er«|>ti<a sales and electek-fieid sensors to 
detect ash clouds. 

He pwpose of diis paper is to describe an automated 
sjrstem far detecting vc^aoic ash clouds, fcaeciasliBg Sim 



hazards to aviation, and notifying users. Hiis paper includes 
suggested functional and performance requirements for a 
volcanic ash warning system and outlines a possible system 
design. The focus of this psp& is on system architecture and 
on methods for obtaimng from vol<^oiogical obssarv^cffls 
fte interpjaive date rwiiiired f<s ash-dtmd detectitai sead the 
quantiti^ve daia failed for tiaiapcsrt and fcMseaist calcula- 
tions. 

SYSTEM REQUIREMENTS 

The design and implementation of a volcanic ash warn- 
ing system must foe based on detaled consideraticm of user 
requirements, eruptive phenomena, and sound engineering 
practices. An ad hoc approach to warning-system design and 
mipimmtasxm is not likdy to yfeld flie best techni<ail 
approach or optimum system performance. Some suggested 
requirements for a volcanic ash warning system are listed m 
tM» i (^e^mBmct Tfxpmem&ahj aad t^Ie 2 O^mctimal 
itqakemeats). 

SYSTEM ARCHITECTURE 

The volcanic ash warning system architecture is shown 
in figure I. There are six subsystems (volcano monitoring, 
voicOTO date collection, conamunk^ons, transport and 
forecasting, hazards evaluation, and notifications). Each 
subsystem includes a hardware layer and a software layer. 
Only the softwae Iseyer is shown in figure 1. He system 
hardware (computer and communications interfaces) could 
be located at an existing volcano observatory or regional air 
route traffic control center (ARTCC). A single site could 
provide volcanic ash hazard warnings for volcanoes in the 
operations area for one or more ARTCC's. The systen 
receives periodic status reports and data stpeaans from dMa- 
coliectioa subsystems at monitored volcanoes. 

The monitoring strategy involves installation and main- 
tenance of volcano data collection modules at volcanoes 
selected by eruption probability and risk to aviation. New 
§iSes wpid be adted liter qmet of ^^^emomtdry activity. 
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route, wills aa additioaal 30-50 unscbeduM ffiglas 

passes within 6 nautical miles of the volcano m4 is 
named for the mountain (HELNS arrival). 
T!»e^ iSve mates, all of wMch pass wiiiis 60 nmticd 
miles of Mount St. Helens, are utilized by more than 400 
flights daily proceeding to md from SEA and PDX. Natu- 
rally, fee tepact of a vokaaic event i^m m traffic wiH vay 
according to the magnitude of the event itself, bat even a 
fairly minor eruption, such as the one on November 5, 1 990, 
affects these corridws, caising a maj<» d^tiftios of fee air 
traffic system during the time that flight operations are 
restricted in the area. An event approaching the scale of the 
cataclysmic eruption of May 18, 1980, which prodsced m 
enormous amount of airborne volcanic ash, would impact 
not only the routes described above but would have a far- 
re^hiag effect on air traffic over the ealire regioa. 

NOHflCATION OF SYSTEM USEES 

Once the scope of the volcanic ash hazard has been 
determined, Seattle ARTCC personnel execute a series of 
procedures designed to warn air traffic system users of the 
potential hazard a.nd to safely and efficiently route traffic 
around the hazard area. Warnings and advisories are trans- 
tmtxsid by the teaflc maaagoBent unit, tiie area manager-in- 
diarge, and the Center Wealiier Service Unit (CWSU). 

The CWSU meteorologist is required to issue a center 
westfher Mvis<xy (CWA) designatiag fiie affected me& and 
d^Jiibing plume height and movement. The CW,A is a 
ni^sorological advisory written in a coded format and is 
vsiid op to a maximaiB <rf 2 iKHirs. Hie area affected by the 
plume is described in the heading of the advisory, whereas 
plume movement and altitude is mentioned in the text. A 
CWA is Isoatoa by ai opmt«tsa! sectaps lA Stea^ 
ARTCC. The FAA manual supplement, "Aviation Weather 
Services" (1985), describes the format and use of CWA's. 

Ifte foiowing is an exarapie of a CWA: 

ZSEl CWA 01 0r,400-011600. From 40SE OLM to YKM to RDM to 
20N PDX to 40SE OLM. Ash plume from Mouat Si. Helens moving 
soutnaast above FL200 and moviae east-EKXfi^asS: below BJ2O0. 
Unknown amounts of ash to FL300.' 

In addition to transmitting a CWA, the meteorologist 
will also coordinate with the National Aviation Wea&er 
Advisory Unit in ELaasas City, Mo., for tiie pcmiMe issuance 
of a longer term nationa! advisory product Imown as a signif- 
icant meteorological advisory, or SIGMET, which can be 
valid up to 4 hours (Aviation Weather Services, 1985). 

The AMIC is primarily responsible for ensuring that all 
a|^<^riate air traffic control facilities and system users are 
tmie aware of tiie event Alert messages are tranmitted, 



' In sat traffic control, altitudes above 18,000 ft are described in hiut' 
dtBdIs of feet. Pl^ tteiete re;meiS$ 2^,000 ft. 



either verbally or via teletype, to all ARTCC control-room 
peiscKsari, &s FAA Jiorthw^st mmmin t&gim duty officer, 
the Seattle ARTCC air traffic manager and assistant man- 
ager, and all other air traffic control facilities contained 
wMtfe S«s^ ARTCC airspace. The AMIC Is alas respois^- 
ble for relaying a notice to airmen (NOTAM) to the appro- 
priate FA.A flight service station for immediste 
dissemination to pilots. For example: 

Airijome haz^: MMng volcsMc asb tcm Mount St. Udms S> a 
poiat a) ttAs soiah of M<amt St. Hdens fiwra the swfeoe to FL300, 
drifting southwestward, .Avoidance advised. 
Such a NOTAM is transmitted by FAA flight service 
stations via the transcribed weather broadcast network and 
by ATC towers via the automatic terminal information sys- 
tem. The TMU supplements these broadcasts by advising the 
Air Traffic Control System Command Center (ATCSCC) in 
Washington, D.C., which, in turn, transmits ^visories to all 
20 ARTCC' s in the contiguous United States to all com- 
mercial air-carrier companies. 

TMU is also responsible for detmaiaiag zMsmsse 
routes around the hazard area m4 for coadinating these 
routes wife ATCSCC for transmission to air carriers and 
other air traffic control facilities. Hese advisories are 
updated as appropriate, depending on the scope of die event. 

When conditions are severe enough to warrant restrict- 
ing air traffic from a hazardous area, Seattle ARTCC has flie 
au&coQr^to transmit a NOTAM feat temporarily ss^pends 
fii^t cfieaations in the affected area. This NOTAM is trans- 
miWsd i^onaily and is regulatory in nature. Aa example of 
such a NOTAM is as foiows: 

Flight restrictions at Mount St. Helens effective immediately taaiiWsAer 
notice. Pursuant to FAR 91.i37b. temporary flight restrictions are in effect 
for a SO-mile radius of .Mount St. Helens and on a !ino from Mount St. 
Heleas to Pendietos, Oieg., 50 naiSes eiiher side, at or below 30,000 ft to 
provide & safe tmmmtm& fx aircraft <9m(ia)i$. Se:^ ARKX! is tfie 

LMPEOVEMENTS IN THE RESPONSE 

MODIFYING RESPONSE STRATEGIES 

We believe that the future ability of Seattle ATC center 
to respond to a volcanic event can be iiBpcoved by changes 

in response methods. One change would involve our early 
notification of the National Weather Service Synoptic Anal- 
ysis Branch (SAB). Their use of the McIDAS HI syst^n 
(Soumi and others, 1983) for viewing satellite imagery has 
produced some plume data even during minor eruptions of 
Mount St. Helens, immediate cont^t of tiMs SAB may pro- 
duce valuable, near isal-time input to shcMrt-tenn air traffic 
advisories. 

We also aivocate increased awsFeness by grcmsd aad 
airixHBe^dJsarvers <^ the^ need fiw accuracy and complete- 
ness of visual observations. This is especially true for pil<«s 
becau^ we rely so heavily m their rqpots. Monaatioa of 
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Figure 1. System architectore and data-flow <fij®ram fac volcaaic vratiWBg ^«em (VAWS). Ifeta ftows aad <ikectioas a?e isdi- 
cated by lines. Shaded boxes represent VAWS salKystems aad exteraa! system (Hsffikwai Meteorolo^cal Cea^ aad m mxm tsaJlc aated 
centers); unshaded boxes represent data files. The volcano-data-collectioa suissystem is Imked to tte ccHMmaacatjcws ss4»ysajm sa^Qiie 
communications or some other data corrnnunications systemi (not shown). 



system must provide the capability to record and perform 
spectral analysis (Nishi, 1987) of discrete seismic events and 
volcanic timors iit aear real time (Hsrst, 1985; iEndo and 
Murray, 1991). The amplitude of volcanic tremor may be 
used to characteiiz® es^on styles (McNutt, this volume; 
EMo mi Murray, 1991) and to estimate mass enif^on rates 
(this paper). The functional roles of the above volcano- 
monitoring techniques in the context of an automated 
volcanic ash warning system are d^ribed bdow. 



DETECTION OF ASH (XOUDS AND 
ESOPLOSIVE EROPTIC®^ 

The capability to teed volcanic ash ciou* hy instni- 
mental methods is not yet available at most volcano 
oi»ervatories (Brantley, 1990; WOVO, 1991). Weather 
rate systems can povMe ssh-ck«3d <^xjtio» and tracking 
capabilities in areas with radar coverage, assuming the target 
can be correctly identified (Harris and others, 1981; Harris 
ffld Ro^, 1983). Weaaher radar may not be practical or 
affordable in remote areas. Lightning-positioning and track- 
ing systems (Lyons and others, 1985) have been used to 
detect doud-to-grouiKJ lightning is ash clouds (HofeUtt and 



Murray, 1990; Brantley, 1990). Microbarograph arrays 
(Onodera aad Kamo, this volume) measure acoustic waves 
frcan volcanic explosions airi locate tiseir source item 
atmospheric propagation times. The microbarogr^h array 
can dstect onset of explosive activity under certain 
OMiditions, but its capability to detect a>ntini^ eruption of 
ash clouds may require more evaluation. 

Harris and Mitchell (1986) suggested using electric- 
potential-gradieot seusors to det««t ash clouds. Electric 
fields in the vicinity of ash clouds change greatly during and 
after ash eruptions, both near the source and in residual ash 
clouds (Halakeyama, 1943, 1958; HsteJssyama aad 
Uchikawa, 1952; KikucM and Endoh, 1982; Hobbs and 
Lyons, 1983; Gilbert and others, 1991; Gilbert and Lane, this 
vdaine). Hatakeyama's wodc ^ws' tiH* ash clouds 
produced by explosive eruptions can be detected by using 
electric-field mills to measure atmospheric electric fields 
asd di^srabasoes csms^. by electri^ ash clotds. The 
system design described here is based on electric-field 
measurements, following the pioneering work of 
Hatakeyama and a)work«s, but tfse particular detection 
technology is not important. The important matter is that the 
technology employed must represent the best combination of 
reliaMlity, 6efec&m tbreshold, detection ddlay time, false 
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detection rate, and practicality, whidi must be deteitnioed by 
pardlel-field evala^ious of these meiiods. 

Hefi^ilHlity (rft^ggrorai-bsBed electric-field iwa- 

suremests to detect ash douds has been demonstrated by 
Hatakeyama and coworkers (Hatakeyama, 1943, 1958; 
Es^&ymm. aad Kiibo, 194%; Hat^eyasa mi 

IsWIcawa, 1946). Ash clouds from Asama Volcano in Japan 
ware detected about 50 km downwind from the volcano. Elec- 
tnc-Heli iiK;^irmi«s^ <A3Xmi^ a£ <&staK^ (rf 1 to 9 km 
from their source indicate that the vertical potential gradients 
from ash clouds are initially positive (downward-directed 
fi^ds), but the sign of the field typically changes with time 
or distance downwind from the vent (Harris, unpub. data), 
based on data from small eruptions of Aso (Hatakeyama and 
Udiikawa, 1952) md Asama {Hatakeyama, 1958). Held 
measurements of electric charge on falling ash (Hatakeyama, 
1958; Kikuchi m<i Endoh, 1982; Gilbert and others, 1991) 
show that asfa particle are electrically charged. Finally, elec- 
tric fields can peisist in mature ash clouds for at least seva^ 
hcmrs, as siu^wn by Hatakeyama (1949), owing to the exist- 
ence of residual dta^e on far-fiung fine ash. 

Volcanic eruption columns rise to great heights in the 
atmosphere only if the eruption column is hot and entrains 
sufficient air to develop a booyancy force liiat co«ta>s flie 
gravitational force (Morton and others, 1956; Wilson, 1976; 
Sparks and Wilson, 1982). Although volcanic plumes are 
of^caliy Aide, ibsy pmvides a temal soiuce that ^<Md be 
detectable by a ground-based infrared radiometer or imaging 
infrared sensor such as a digital infrared camera. This pro- 
vides die c^^Mty to detect an anomalous, exten<ted infra- 
red source generally associated only with high-temperature 
explosive eruptions. Thermal radiometric monitoring of the 
m^f^ imnKdli^y ^ve volcaaic vem ^mU pvivkle 



positive identification of thermal plumes and information 
not available from other monitoring instruments. 

The volcsmo-monitoring system v/mM include quanti- 
tative criteria for a logical determination of whether an ash 
cloud is present or absent The criteria would be based on 
Iheiraal iafiared dKfflrv^<», ^c»|*eric electric-field 
measurements, and the amplitude of antecedent volcanic 
tremor. The systssn would consider an ash cioud to be 
probable whenever there is evidence of tiusnn^ ftomes and 
electrified ash clouds, based on data from thermal 
radiometers and electric-field mills. These sensors should 
provide mMmy da» wiii the kim ambiguity for 
identifying conditions consistent with pyroclastic eruptions 
whenever strong volcanic tremor is present. When such 
ccmditions are met, the mass eruption rate would be 
determined instramentally from voicanic-tremor ^piitisie. 



DEllitMINATION OF MASS ERUPTION RATE 

Aa ^ii^sBEBiaital method fm det^miasg tlws aiass erup- 
tion rate in near real time is an essentia! component of a 
volcanic ash warning system. Such information is needed to 
initialize volcanic-a^-traaspat mi distribution models. I 
will show tliat the mass option can be detcnmmed in 
i»ar real time fr<sn vokanic-tremor amplitudes. 

Cousito the hyp<«4iesis Aat vdcanic-tmiKM' amplitude 

is linearly proportional to the mass eruption rate during 
explosive eruptions. If this hypothesis is true, then the 
iniegiais of tte vofe«uc-ftoemor ampltude with time must 
also be proportional to the integral of the eruption rate with 
time. The integral form of this hypothesis is satisfied for six 
eroptiom oi Kfount St. Helens. 



Volcanic-tremor amplitude, reduced displacement integral, and mass of eruption products 
a£ Momil St. Hete, 1^. 

ITg, (miasms (lO^^ g>; aSi„ oS^vk disp., (S^^»»mem] 
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flows^ 
(Tg) 


Mass<tf 
air-fal! deposits^ 
(Tg) 
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volcaaic tremor 
amplitude^ (rel.) 


integral* 
(cm^/s) 
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463 
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My 22 


0.006 
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4.0 


13 


lis 


7.5x10'* 
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0.004 


5.8 
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124 


8.1x10'' 
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25 


1.6x10^ 



^ Rowley and otfaere (1981). 

2 Calcsilated from volume using an in sitii RWJdasSic flow <fcnsity of !,450 kg/m^ tepcsted by 
Wilson and Head (1981). 
^ Sama-Wojcicki and others (1981). 

* Sumofcoiuxniis2and3. 

s CaliMatedgr^pMcaSyiisiagtreEiKa-^ 
MaIoaeCi985,fig.2). 

* TMspajirar. 
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BgareZ. MassestSfai^fmp^x^K^sversusloi^^ralofvokaiuc- 
tremor ampBtude for six enqjtiom of M<xii5t St. Hetens daring 1980. 

The ordinate shows the total mass of pyrocisstic flow plus air-fall 
ash deposit for each eroption, based on the works of Rowley and 
«tes <198I) asd S3enna-Woj«c?di acd ottos (1981). The absdbsa 
shows the ii^egjra^ voIcffluc-tfiaai<»' ampitjt<jb ctoiag e^h emp- 
txon, calculated from the graphs la figare 2 of Scaadbae and Malrase 
(1985). The symbol sizes reflect estimated errors of ±30 percent for 
erupted mass and ±10 percent for the integral of tremor amplitude. 
Ii» ji& vrith slc^ 1 shows a relation b«we«i tfee in^S WieSor 
arapll&Kk ami total mm en^pied 

Table 3 ^ows data for six explosive eruptions of 

Mount St. Helens. The integral of the mass eruption rate is 
equaJ to total mass erupted during the time interval. It 
lEK^iides mmi dl ik-Ml isb defosits (SanarWojdcId and 
others, 1981) and pytoclastic flow deposits (Rowley and 
others, 1981). The time interval is the whole eruption. The 

seismic data of Scandone and Malone (1985), based on data 
from station SMW, located 162 km from Mount St. Helens. 
Figure 2 shows (hat the mass of enijSiojj prodacts aad the 
integrated tremor amplitude are directly proportional to one 
another. The etrcas are estimated to be on the order of 30 
percent or larger cOTiptive masi^ and about 10 p«cent or 
less for the tremor amplitude. These eruptions varied in 
duration, peak tremor amplitudes, total amounts erupted, and 
in the relative masses of pyroclastic flow and air-fal! ash 
deposits. Despite these differences, the integrals of volcanic- 
tremor amplitudes and eruption rates are approxima^ly 
jroportionai to <h»s merest far tibese eruptions of Motujt St. 



M the liaesff relationship betvswn feemor amplitude and 
mass eruption rate applies to explosive eruptions elsewhere, 
deterroinalion of mass eruption rates in near real time would 
be p<»siUe. For g«iaraliJy , a selationship ^oaid be based on 
the reduced displacement of volcanic tremor, rather than 
tremm anqdittKie. II«^k^ displacements of volcanic 
ttemor (Md^iatt, 1992) cm be calcalated only imirectly 
from data in Scandone and Malone (1985) because they did 
aot rqport, absolute tteraw an^litudes or seisraogr^ mag- 
nification. Hie reduced dssplamiient int^ais ia taMe 3 
were calculated by scaling the peak tre0K» an^tud^ fw 
the Mount St. Hdens eaiptioa oa the siigmoon of the May 
18, 1980, tope^ vatesof redBced^S|d^»!Be!tt(260cm2) 
leported by others (FeMer, 1983; McNutt, 1992). Using this 
approach, the cumulative mass erapted (M) at time / m^ be 
determined from the integr^ of the reduced dtsplacfflmemt 
(f^t)) using the relation: 

M(t) (kg) =l-^dt = 
0 



I.5xlO*lcg(cm'^s) lR(t)dt 



(I) 



Similarly, the mass eruption rate is given approximately 



by: 



it 



(kg s"" 



L5xlO*X(cm^) 



(2) 



The coefficient has an uncertainty of about 50 pearoent 
Table 3 lists the integral of the reduced displacements calcu- 
lated fay this m^lKKi for the six eruptions. 

Ihe m^od desofibe^ b»e might be used to d«ermine 

mass eruption rates and eruptive masses to an accuracy of a 
factor of 2 for Plinian-type eruptions from a central vent, as 
at'Mtwnr 'St. "Hek5ns"ifrf9^:«?le*eqpM««as mi =|*edfeive 
method described here can be tested by analyzing volcanic- 
tremor data and measured pyrocias& lew and air-fall ash 
dqp<»its f<» <^i«r well-doaiiffiented explc^iw eru|;«io!is 
(Wilson and Head, 1981). Much of the effort in volcano 
monttonng for eruption-prediction purposes involves 
recording and analyang seismic data, often in near real time. 
During erjptions, routine seismic data analysis could include 
automated measurement of volcanic-tremor amplitude and 
r^uced di^lstcements to provide estimation of eruption 
rates and eruptive masses. The practicality of making 
tremor-amplitude measurements, including spectral analy- 
sis, in near red tisw has been demo^^msd by Harst (1985), 
MshI (1987), and"Eado'an<l*lK5y (IS^l). 
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DESCRIPTION OF OPERATION 

The methods described above can be used to determiae 
w&etlier m ash cioud is preseot and fee mass eraption rate m 
msk iseA tee. He ^ss (ms^m m&e ^e^ami^ #» 
seismic data can be used aloag with plume-rise models 
(Wilson and others, 1978) and upper-atmosphere soundings 
to isMdKze ^b-cloud properties Cidg^ b^, T$Mm, 
particle concentration) required by an ash-transport and fore- 
cast model (Carey and Sigordsson, 1982; Sparks and others, 
this vdlume). Some assumptions about particle-size distribu- 
tion, settling speeds, and particle aggregation (Sorcm, 1982) 
must be made. Essentially, the volcanological observations 
can be transformed in near real time to quantitative inputs 
le^ired by asb-tTBi^port models, which may be used to 
generate short-iaage and long-range ash-ckud facamts. 
TTie accuracy of such forecasts dej^ds ^siively on a^- 
ckmd inMdizadian, atmc^hmc tte^Miiesce, aocsacy of 
wad fcaecam, aarf stodeftng emxs. It is eswatM to ixpda^ 
the wind forecast used by the transport model via iaaspora^ 
tion of ash-cloud-tracking observations. 

The volcanic ash warning system illustrated in figure ! 
is based on the capability to generate meaningful ash-cloud 
forecasts within 1 minute after receiving volcanological data. 
This would be a challenging software development task, but 
it appears feasible. Hie hazards-evaluation subsystem 
reviews the ash-transport-model forecasts against a database 
of air routes, aviation facilities, and other user interests to 
determ.ine notification requin»nents. The notifications sub- 
system forwarck tks mmimy iskma^m (m^, text 
messages, sytSSSB^''v^S'''Ms&S"W'SS''"mm~vi& tie 
communications subsystem. The system should be designed 
to <sp&^ as an autonsated expert system, with i^ovisioa for 
HiandJttory review of ai metojirologicat and vo!c«mologica! 
data, warning messages, and forecasts. The highest reliability 
and miaimsim response tkne for a volcanic ash warning 
system cm be acMev«l onfy by Ml systm mtx^i^^ tfestt 
includes automatic transfer of operational data from vdcano 
<:A>servatories to forecast centers and end users. The sj^teiR 

of all warnings and forecasts by a qualified volcanologist, 
forecast meteorologist, and air-space-operations manager. 

SUMMARY AND CONCLUSIONS 

The system requirements for a possible volcanic ash 
warning system have been outlined. The recommended 
system architecture and data flows are feaaxi on use of mod- 
iikr ssdJ^s^EBs, eadh of which performs a grDU|» related 
ftuK^tions. lie saiKystems include vokatso data cdliecti<m, 
volcano monitoring, ash transport and forecasting, hazards 
evaius^on, iK>ti&ati<m, debase managmeait, md Kxmmar 
wc^m, lbs mimsivm MomeUm ieqi»red fmci vc^ano 
c^jservatories for soDTce-based ash-trsmsp(Ht aad forec^t 



models bcla<tes accujtate detemiaatioa d (1) wheflier an 
eniptiM is ocoimag, (2) wfefi&ar ash c!<hkJ(s) were gcEffir- 
ated, and (3) die mass eruption rate as a function of time. 
Thermal infrared measuremeats aad atmospheric eiectiic- 
fidd mmmemem ^iosM \» to (k;t^ c»Mom 
resulting fi-om thermal plumes 2nd electrified ash cloods, 
respectively, that result from pyrociastic and explosive erap- 
tions. Dual-sensor measnnements should provide ancillary 
data with the least ambiguity for identifying conditions 
permissive of pyrociastic eruption when strong volcanic 
tremor is presort. When such conditions are met, the mm 
eruption rate can be determined instomentaily fem 
volcanic-tremor amplitude. The integral of the volcanic- 
tremor amplitude was proportional to the total mass of pyro- 
ciastic and air-fali ash d^osits for six ero|«ions of Mount St. 
Hdens in 1980. This finding is die basis for a seismic 
me&od to measure enjj«ioB r^es in near real time. It is also 
ije basis for esSmatiag &e iMt mi total amount of volcanic 
ash erupted intoUK attmosplwe "wi* m accuracy of a faK*» 
of 2. Representative values of cloud dimensions, heights, 
and particle concentrations can be estimated from plume-rise 
modds by using the mass eni|«ion rate. Addition^ data 
required include an assumed particle-size distribution, 
atmospheric swjnding data, and wind data. Hie volcanic ash 
waratBg system ^s^sribed here ^<fflld accept mmniA md 
automated inputs from existing volcano-monitoring systems 
and provide forecasts in various formats. The system shotdd 

casts, and warnings by a qualified volcanologist, forecast 
meteorologist, and air-space-operations manager. The sys- 

fimctions that are now performed mmvmBy. Swdi a system 
would enhance aviation safety. 
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ABSTMACT 

Six encounters between aircraft and volcanic ash clouds 
ft-om Indonesian volcanoes took place between 1982 and 
1985. These incidents reflect the hi^ fttqueacy of explosive 
eruptions during the early 1980* s and an increase in the num- 
ber of iong-haui, international flights by jet-powered, wide- 
body mct^. He iugestion of volcanic ash by jet engines, in 
some cases, has caused multiple engine failures. In addition, 
airerafl exteriors and engines are damaged by the abrasive 
effects of ash. The encoaatess nosed *e level of concha 
sbmt tiie impact of volcanic eruptions on aviation in the 
IndoBcsia-Australia legiois aad prompted joint Australias- 
Iad<Hiesiaii efforts to eliininate future encounters. The threat 
to aviation in Jiie i^ion can be mitigated isiough ©ahanced 
monitoriag of Indonesij© volcanoes, better a>inmtraicatioa 
between observers of eruptive activity and in-flight ^r 
crews, and more effective use of near real time satellite 
imagery, particularly systew tfeat''&aiifflk!^''W3iej^^ «sb 
clouds from weather clouds. Early-waaaafag acraa^taents at 
pre^nt are sot satisfactory. DevdqjB]^ <rf ©B-boaM 
detect wouM r^psresent a slgaijRc^t advance in an early- 
waniiag ci^al»ity ffx aviMi<»sk. 

MTRODUCTION 

Indonesian volcanoes were the focus of interest and 
concern to the international aviation community between 
1982 and 1985, when six {»ss«ager airliners, mainly wide- 
body Boeing 747's, encountered volcanic ash clouds 
iroduced }yy tfaee vdcaao^ in different parts of Indonesia. 
Ttee had been earlier encounters between aircraft in flight 
and volcanic ash in other parts of the world: Sakurajima 
Volcano (Japan, 1975-86), Mt. Spurr (Alaska, United States, 
1953), Augustine Volcano (Alaska, 1976), and Mount St. 
Helens (WasMngton, United States, 1980). However, fee 
Jane-Juty 1982 etKwiteis <^two 747 aiicrafl with asb fipcsn 
Galunggung Volcano in western Java, Indonesia, were 
especially notable because they caused multiple engine fal- 
tares (Smifli, 1983; Toc^, 1985). This necesskated the 
{xwoless ^Idb d dbe s&idkes akcraft down to aid^:^ 



wiia% tbe oigkies could be restarted m a mot^ oxyg^-nch 
atmosphere. The mcidents gesmted wid^piead belief tibat 
two major aviation disasters been narrowly avoickid. 
Similar events involving multiple ^gin^ Mlores have taken 
place subsequently when ajrcraft encountered z&h from 
Redoubt Volcano (Alaska, 1989) and Mt. Pinatubo (Philip- 
pines, 1991) volcanoes, and ftese incidents have reinforced 
the conceiB tiie fiire^ feM volcanoes pose to aircraft. 

Five of fee six aircraft affected in Indonesia in 1982-85 
vitxt flying a{ n%ht, en tmt& to Australia. Ute pilots had 
r«»ived no eariy warning tto fiiey were about to fly into a 
voicanically hazardous area, and ash clouds were not detect- 
able on flight-deck radar screens. Asslxalian authorities 
showed particular coiccth abcmt ihese ash encounters, espe- 
cially after May 1985, when a Boeing 747 aircraft of Austra- 
lia's national carrier, Qantas Airways, Ltd., flew into an ash 
cloud ficom Soputan Volcano. The purpose of isis paper is to 
focus on the particular nature of the aircraft-ash-cloud 
problem in the Indonesia-Australia region, to summarize 
how »iiiooties have respond^ to the need t<x imfsoved 
early-warning capabilities for aviation, and to discuss m^- 
o& for mitigating the threat in the futore. 

Am TRAFFIC IN INDONESIA 

The freqissacy of air traffic in the lE^kioesla-AiistraMa 
region. Ism :i!iC£eased:,:d3aisaically W«-ld War H. 

There are currently between 780 and 800 intematiarial 
flights into and c«t of Australia each week (C.G. Barnes, 
Australian Civil Aviation Aufe<»ily, oral common., 1991). 
The majority of these international flights utilize the princi- 
pal air corridors of the Indonesia-Australia region, which 
CK»s vdcaalraily active areas in a cooffex patters (fig. I ). 

IntematiCHial air traffic over Indonesia typically ends or 
originaies in Australia or New Zealand, and many aircraft 
use the major iirtemational airports of Jakarta (Sodkarao- 
Hatta International Airport) and Denpasar, Bali. Most inter- 
national aircraft must cross the voicanically »:tive part of 
fad<xjem si because of AustraliaB city carfevre feat 
e^MishediktAe 196(^'s ^ ■i^msm04»-mkxs of 
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flgiire 1. Air fowes m4 volcaaoes in Indonesia. Adapted from a chart in the Qantas route intelligence manual: "Volcanic Inforraation, 
ludfosesia" 0CAO, 1993). Vofcauo dste are froia SiaJsfei asJ (^xas (1981). Solid circles represent recently active volcanoes. Opm dwcfcs 
te^se&s& otfesr posesifeily sec^e ■voiamxs. Stolid sfEKtes repr^m majOT cides: KL, Ktiala lUin^ur; S, Siagapore; J, J^srta. 



traffic landing ssaStMsg off at night. Aircraft are required 
to arrive or depart most Australian cities between 0600 and 
2300 hours. Furthermore, modern jet airliners fiy at high alti- 
tMss aitd cove! long distances between refueling stops. This 
is in contrast to pre-jet days, before the early 1960's, when 
most air traffic operaatel Airing daylight hours, had ftequent 
^ps, and flew at lower altitades. Pilc«s, therefore, had more 
opportunities to Icam abcmt md see volcanoes and to take 
appropriate-evasive-acioB *otjid a» eru|«ioR take place. 

The 1982-85 period was excep&msd in the Indonesian 
region for the high number of passenger jet aircraft that 
encountered volcanic eruption clouds and for the multiple 
engine failures caused by tiMse encounters. Axl important 
point to note is that multiple engine failures appear to affect 
only modem, finely tuned, jet engines and that there are do 
reported aircraft-ash-cloud encounters in Ae Monssian 
iXipcm isvolwiag die failure of torboptqp eegiaes in pw-jet 
days. The 1982-85 :pmod: of isddeiits, Aeiefois, appeasto 
coincide with the more common usage of jet engines in 
modern times and with the large namber of eruptions m the 
lu^mesim region during 1982-85 that produced large 
ckw^ :i:i^hed ancraft czwsktg 'iMm6ts oi 10-12 km. 

MRCMAFT-ASH-CLCMJB ©dimNlS 

Tb^Bce m& six Isaowa inddrnts la the 1^2-85 period: 
1. A domestic Indonesian Douglas DC-9 of Garuda Air- 
lines, on the Jakarta- Yogjakarta route, flew through 
ash ftom Galtm^^Btng on 5 April 1982 (Qantas Air- 
ways, Ltd., unpub. data, 1982). The aircraft required 
maintenance, but no abnormal engine operations were 
repcsted. Iido&esvssi aatii<»ities issued a nc^ce to 



airmen (NOTAM) on April 6, instructing that airspace 
within 17 km of the volcano should be avoided. How- 
ever, the restricted area did not embrace the estab- 
li^eA intemaaioaa! air routes, so the MOIAM vm 
limited to internal Indonesian distribution. 

2, A British Airways Boeing 747 (flight BA 009) 
cruising at 37,000 ft fiew into Galunggung ash on 24 
June 1982 at about 2040 hours (Jakarta time) and 
about 330 km south of Jakarta while en route from 
Kuala Lumpur to Perth, Western Australia (Smith, 
1983; Tootcll, 1985). St. Elmo's fire (static electric- 
ity) danced along the ■m^scsxm, aad "s«A»" and 
an acrid smell were iK^c«d on iie deck and 'm 
the main cabin. Om eapm failed vwttiin minotes, mi 
She three cAexs stalled shortly Jhoeafter. The aircraft 
descended steeply for 13-14 minutes before the 
engines were restarted progressively at 13JXX) ft. One 
engine subseqtsently surged and was :iis«t down. A 
safe landing was made eventually at Jakarta's Halim 
International Airport. Aircraft damage, especially 
abrasion eflEi»ts to leading edges and contaminMon 
of oil and air systems, was extensive, and three 
engines and front windshields were replaced in 
Mcarta brfore the wm ieraed ^fc to 
England. An international NOTAM was issued after 
the incident, and aircraft reroutings took place, but 
normal routmg was resumed oa 2 My after the 
NOTAM was canceled. 

3. The crew of a Singapore Airlines Boeing 747 (flight 
SQ 24A) on tlte strnt flight ptth as BA 0^, bm 40 
mimttei^I^r, on 24 June 1982, reported "sB^aks.-COik! 
tamiss^" in the main cabin. The aircrstft JXxksS 
Pei& widtout fiirtto' iiici<&»t where m inspectiCKQ 
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was carried out. Small fragments of rock were found 
in all engine tailpipes, but no damage was noted to 
leading edges, and oil filters were clear. 

4. A Singapore Airlines Boeing 747 (flight SQ 21A) en 
route between Singapore and Melbourne, ran into 
Galunggung ash at about 2130 hours (Jakarta time) on 
13 My 1982 and suffered similarly to the BA 009 
flight three weeks earlier. There were multiple engine 
failures and damage to airframe and powerplant 
systems (Singapore Airlines, 1982). A two-engine 
emergency landing was made at Jakarta, where all 
four engines had to be replaced. Aircraft rerouting 
recommenced. 

5. A British Airways Boeing 747 flying at 10.6 km 
altitude between Singapore and Perth on 23 July 1983 
had been rerouted north of Galunggung, but it 
encountered an eruption cloud from Coio Volcano 
(Una Una Island, Sulawesi) at 1955 hours (Jakarta 
time). Pilots noted a "volcanic smell, lack of visibil- 
ity, and St. Elmo's Fire around the windshield" 
(SEAN Bulletin, 1983). The aircraft returned to Sin- 
gapore for inspection, but did not sustain significant 
damage. 

6. A Qantas Airways Boeing 747 (flight QF 28) 
encountered ash from Soputan Volcano, Sulawesi, at 
about 24{X) hours (Jakarta time) on 19 May 1985 
while flying from Hong Kong to Melbourne (Qantas, 
1985; Bailey, 1985). The cabin filled with dust, there 
was St. Elmo's fire around the windshield, and the 
aircraft vibrated badly for several minutes, but the 
engines did not stall. The aircraft landed safely in 
Melbourne where the aircraft was withdrawn from 
service for five days while the engines were removed 
and cleaned. 



VOLCANOES IN INDONESIA 

Indonesia is only one of several countries in the south- 
east Asia and southwest Pacific region that have active 
volcanoes. Papua New Guinea, the Philippines, Solomon 
Islands, Vanuatu, Tonga, and New Zealand are ail volcani- 
cally active, but Indonesia has more volcanoes than any of 
them and, indeed, more than any country in the world 
(Simkin and others, 1981). The Indonesian archipelago 
extends more than 6,000 km from the northwestern tip of 
Sumatra in the west to Irian Jaya in the east. It contains about 
130 active volcanoes, including nearly 80 that have erupted 
in the past 400 years or so (fig. 1). About 50 volcanoes are 
monitored regularly through a network of observatories 
operated by the Volcanological Survey of Indonesia (VSI) 
(Pardyanto and others, 1986). The volcanoes are in linear 
belts and groups scattered along the archipelago, and their 
eruption clouds represent a formidable threat to aviation. 




Figure 2. A volcanic ash column rises from Galunggung 
Volcano, West Java, on 16 August 1982. The city of Taskimaiaya 
is shown in the foreground. Galunggung eruptions such as this pro- 
duced ash clouds that were involved is. four encounters with jet 
passenger aircraft during 1982. Photograph by J. P. Lockwood. 

There were 35 eruptions from Indonesian volcanoes 
from January 1980 through September 1985 — a notably high 
level of activity when compared to previous decades 
(Pardyanto and others, 1986). Twenty-seven of these 
eruptions required no evacuation of people and presented 
little threat to property, including aircraft. Major eruptions 
during this period that threatened life and property (and 
resulted in evacuations) included those of Gamalama (1980, 
1983), Galunggung (1982-83), Soputan (1982, 1984-85), 
Colo (1983), Merapi, central Java (1984), Karengetang 
(1984), and Sangeang Api (1985). The largest eruptions 
were from Galunggung Volcano in western Java (fig. 2), 
which produced more than 30 large explosive eruptions 
between April 1982 and January 1983, including clouds that 
rose more than 10 km above sea level — that is, up to, or 
above, the cruising level of international airliners (Katili and 
Sudradjat, 1984a). 
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VOLCANO MONITORING AND 

FORECASTING IN INDONESIA 

Precise forecasting of volcanic erapdons is a difficult 
problem, but progress has been made over the last 20 years 

(Decker, 1986; Souther and others, 1984; Sudradjat and 
Tilling, 1984; Swaason and others, 1985; Banks and others, 
1989). This progress has relied heavily on interpreting 

results from a wide range of monitoring methods, incloding 
visual observations, seismological recordings, deformation 
studies, temper^re reciards, ^odiemical collections of 
gases and condensates, and geophysical methods such as 
magnetic and gravity recordings. However, not ail of these 
div^se and speciMizsed la^ods a^e necessary for fee teic 
monitoring and forecasting of eruptions. Changes in the state 
of a volcano normally can be detected if the volcano is under 
visual and seismci<^ical observation and if the observes 
have an understanding of previous eruptive activity. 

Studies of volcanic ear&q[udk;^ Misd on in Indone- 
sia, s& ^semh^ in fee woiM, to provide e^ty wamng of 
impending activity. Seismometers are the standard equip- 
ment in VSI observation posts, and visual observations and 
changes in seismicity aSe ffie primary mefeods of monitor- 
ing. Other supplementary methods Include: (1) studies of 
ground deformation (spirit-level measurement and precise 
distance measurement), (2) geochemical studies of gases and 
condensates from fumaroles and water from crater lakes and 
hot springs, emission rates of sulfur-dioxide gas, and chem- 
ical analysis of eruption piodocts (asfo and lavas), (3) geo- 
physical methods empioysig mmswemmi of self-potentia! 
and geomagnetic vari^ons ^Siidradjat, 1991). In addBtk»!, 
satellite imagery has been used to monitor the movement of 
vokasic ploiues (Mdingreaa and Kaswanda, 1986; SiriiSKl- 
Jat, 1989). 

VSI successes in its vcfcaaw-mcfflitcwng prc^mm 
imdvs^ the 1983 Colo e«|j<so!i vwtere ipcecaa^Ory s^S of 
restlessness on Una Una island were detected and interpreted 
to indicate the likelihood of an imminent eruption (Katili and 
Sadradjat, 1984b). The Una Una population of 7,000 was 
evacuated (Mc<::ie!l2Bid and ofeets, 1989) before major erup- 
tive activity devastated the island. However, difficulties 
arise where unmonitored volcanoes such as Galunggung 
reawstes i& long periods oif repose (Sudradjat and Tilling, 
1984). Nevertheless, regular observations and seismological 
monitoring were begun following the initial activity at 
(Mtmggtmg m April 1982 and were med to Smcast more 
than 20 of the eruptions that took place during the imiaiiider 
of the year (Katili and Sudradjat, 1984a). 

Effective OEBfrtioR fcwecss^g i» laA^ffisia relies not 
only on monitoring precursory activity, but also on expedi- 
ent communication of monitoring results to specialists able 
to interp^ fee ^ta aiKi at^ to evsdtis^ prcksble future 
behavior. Indonesian volcano observatory posts are staffed 
typically by observers with secondary-school training. Many 
posts are equipped wife radios for direct communication 



wife volcanologists at VSI headquarters in Bandung, West 
Java. However, some observatories without radios are 
unable to provide timely notification of evmts. CM reports 
of activity aw of lisjail^. vaiee — delays of miiHi^ <x boms 
can be si^ificsait. Information VSI bead^^^ feea 
must be evaluated and interpreted before it is passed on to 
ofeer agencira. VSI amended tbeir^jaaaaffliicaaon s^Sbsst in 
1986 to expedite communications wife fee aviadon ccsnmu- 
nity. Observer repons of volcanic activity are still provided 
directly to BMtdung, but observers have been authorized to 
ocmtect local ai!|K>rts directly should they observe high- 
rising (higher than I km) eruption plumes. 

Trsfflsnaissicm of sKJiatariBg data aatomaticaly from a 
r^ote volcano directly to Ban<kng or ofeer major cestars 
may seem desir24>le. However, feis requires development of 
equ^ent c^al>le of c^pesaiing reliably under fairly seva-e 
conditions, such as fee acid and htmiid environments found 
on tropical Indonesian volcanoes. Drawbacks are that the 
equipment is expensive, requires specially trained personnel 
for maintenance, is liable to feeafcdown, and is suK»ptible to 
vandalism. Such expensive, "high-technology" methods, 
feerefore, have not been a practical solution for monitoring 
volcanoes where goverament budgets are restrictive but 
where there is no shortage of trainable local observers. 
Budget restrictions also prevent monitoring being under- 
taksj on mmy pctoitially active ladoaesiai vdteMioes. 

VULCAN-AUS AND OTHER 
RESPONSES 

Aviation, meteorological, and volcanologtedl aafecd- 
ti« in Indonesia aad Aa^aia b^an «>llaiKs^g m ways 
te> riKMgate afeacafit-asfe-dk>iid incideats ^teiy alter fee 
CMjK^nag eaccmnters in 1982. Collaboration was fcamal- 
ized in 1985 ■«*ejj fee Volcanological/Airspace Liaison 
Coramittee-Aiisttalia/Ind<««ia (VULCAN) was formed. 
The committee consists of two working groups: the 
VULCAN-AUS working group is Australia based; the 
VULCAN-IfiD, is,, Badosesia .based,, „B^, wcsddag group 
consists of counterpart members representing different agen- 
cies. VUXCAN-AUS consists of representatives from fee^ 
Australian Civil Aviation Autkrity (CAA), fee Bureau of 
Meteorology (BOM), Australian Geological Survey Organi- 
zation (AGSO), Qantas Airways, Ltd., and fee Common- 
weabh Sc^ittfK; £md Uustrial Resemih OT§m&&0n 
(CSIRO). VULCAN-IND consists of representatives of fee 
Indo-nesian Directorate Genera! of Air Communications, fee 
Bureau of Meteorology and Geophysics, and fee Vofcaao- 
logical Survey of Indonesia, as well as representatives from 
fee three principal Indonesian domestic carriers, Garuda, 
Meipati,ai^Bo!a:aq. 

VULCAN-AUS is an advisory and liaison group feat 
sc^jXMts fee Airways Volcano Watch, part of fee Australian 
CAA qjeratioiial services section, which acts s& a ckariHg 
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house fac infoimation on volcanic activity aflfectiRg Austra^ 

Man civJ! aviation. VULCAN- AUS provided major input at a 
special meeting organized by the Internationa! Civil Avia- 

in 1986, and assisted in the production of the ICAO regional 
handixjok "Volcanic Ash and Aircraft Operation" (ICAO, 
1^). Ex^^ive <lteissi<ms at i«j n^eiing led to 
proposed changes to the ICAO regulatory documents to take 
into account volcanic-ash-cloud encounters. ICAO (Mont- 
red) in 1982 had established its Volcanic Ash Wraitii^ 
(VAW) study group, of which the chairman of VULCAN- 
AUS is a member. The VAW study group also produced rec- 
<»mii^Hj^<» that subseqtieatly were adopted by ICAO 
momber st&tes and promulgated by the ICAO Air Navigation 
Bureau (Fox. this volume). 

VULCAN-AUS was Eesp<»isible also for raxsnsnend- 
ing the establishment of the volcanic ash detection and 
aviation safety (VADAS) study group. VADAS was set up 
by CSiRO in speciffej^y to explwe tsdjjKdc^Cii 
solutions (satellite and on-board detection equipnent) to Ate 
aircraft-ash-cloud problem (Prata, 1990). 



SATELLITE MONITORING 



The Australian Bureau of Meteorology, since 1982, has 
used imag^ from the Japanese geostationaiy meteoroiogical 
satellite (CMS), located at 35,700 km above the equator at 
long 140°E., in detecting volcanic eruption plumes in the 
we^tot l^ific. images from die inlraied and visible chan- 
i^ls of 6lilS were used by BOM meteorologists B.N. 
Hanstrum and A.S. Watson (Hanstrum and Watson, 1983) to 
determine the liwight of 1982 GManggang erapdon clouds 
and to track the clouds in conjunction with upper-wind 
trajectories. Sawada (1989) also reported on CMS images <^ 
Indoisesiam ampdoa i^iaes far the 1982-85 peric^. 

BOM issues "volcanic ash advisories" to aviation 
authorities through the aeronautical fixed telecommimica- 
tic®s i«twork (AFTN) in Australia (ig. 3). BOM normally 
asi«;hes for eruption clouds on GMS images after receiving 
notification of a volcanic eruption from the relevant neigh- 
borfeg coiii^ (such as fod<»«»ia) or fma pilot reports. 
Eruption clouds are difficult to distinguish on GMS images 
when, as commonly happens in the Indonesian region, there 
are w&^k^ d(»sds <m tfte sssne insiage. This is becaise botih 
types of cloud have similar reflective properties in the visible 
and infrared parts of the electromagnetic spectrum. How- 
evo", Ausfralian scientist F.R. Hbney and W. Candl 
(Honey, this volume) proposed a concept whereby volcanic 
clouds could be discriminated using data from the advanced 
very high resolution radiometer (AVHRR) on board the 
polar-orbiting NOAA-7 satellite. This initial proposal was 
tested and developed rigorously in CSIRO by A.J. Prata 
(Prata, 1989a, 1989b; Prata and others, 1985). Discrimina- 
tion of ash clouds from water-ice clouds is possible because 




F%ure 3. Information flow for the Australian volcanic ash wam- 
iug iietw<»ic &sm with dghtii^ of eruption d<»id$ in ud^bcaing 
couiSt^ (for example, Indonesia) made by ground-based obsm- 
fflrs and (or) from in-flight pilot reports (AIREP's). The notifications 
move through the international air faffic services (ATS) center (for 
example, in Jakarta) and ttea to (1) the regional meteorological 
ffltito% (for escan^^, Jakaaa), <2) m arf^aaa Australian ATS 
center (Perth, Darwin, or Sydney), (3) Australian weather services 
offices (WSO), and (4) the National Meteorological Centre (NMC), 
Melbourne, to the NOT AM (notices to airmen) office (Sydney), 
which is responsible for the distribution of NOTAM's. These reach 
pSm, tim^ |Marfli^1»ieia^'o)08o«5 ^at^lby advi^nles ftom (he 
Australian ATS center. NMC issues SIGMET's (significaia Doeteo- 
rological phenomena) and volcmiic ash cloud advisories, which are 
distributed to the Australian ATS centers, briefing offices, and the 
NOTAM office. The Airways Volcano Watch receives both 
NOTAM's and SfCMSTs mi serves as a Knk to both VULCAN- 
AUS (see text) and a» Iiaenrnioaal Qvll Avi^on Or^mizatitaj 
(ICAO). AFTN, aerc»aut!cal fixed tetecommunicatiicas iwworic; 
MET, meteorology. 

of tihe reverse absorption effect in AVHRR channels 4 and 5 

(Rrata and Barton, this volume). 

AVHRR receiving stations are operated by BOM in 
Perth and Melbourne, and a third station opened in 1992 in 
Darwin. The Australian .AVHRR receiving stations cover 
much of Indonesia and the Philippines, all of Papua New 
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Guinea, and most of the rest of the southwest Pacific (Potts 
and Whi%, Ms volume). This ustwcak of AVHRR s*ali<»is 
is expectai to eahaace ash-cload eariy-waming capabiEty 
for aviation. 



AUSTRALIAN ASH-CLOUD 
WARNING SYSilM 

Waraisgs of iie Sia-eat to aircraft from volcanic ash 
clouds in iie Aasaraiian region jse provided by means of an 
integrated communications network that includes volcano- 
logical, meteorological, and aviation authorities (fig. 3). 
Here ese ^wee main featai^ of interest in the Australian 
network: 

1. The system relies on the provision of information on 
volcanic erap&BS fem volcanoiogical authorities in 

foreign countries or item pilots frying in foreign air- 
space. Australia has m «!tive volcanoes of its own 
(exctofiug Big Ben Volcano on Heard Island in fee 
Indian Ocean) and, therefore — ^unlike other techno- 
logically advanced and volcanically active countries 
such as Japan andi the United States— does not have a 
voicasological authority as fart of its own domestic 
communications network. 

2. Pilots recdvis^ in-f!ight infcHmation about eniption 
clouds must hope for rapid and effective communica- 
tion links between observers and ground-based 
aaftorities, but they may have to wjat unaasept^ly 
long times before being notified that an eruption has 
taken place or is in progress. Communications may be 
slow or bfeak down at some of fee masy lii&s shown 
in figure 3. 

3. Analysis of satellite images is part of the system 
(uadtarta$»s at tfie BOM Nation^ Meteorological 
Cmtsa,. MelixHHue — MET NMC in fig. 3). Twenty- 
foiff-kw asalysis of AVHRR images has been 
cmkd mt since eariy 1^ by operational metsorol- 
ogists at the Darwin receiving station. 

Improvements in the communication network, there- 
fore, are of francfamentai importance to the mitigation of 
aircraft encounters with volcanic ash clouds in the 
Indonesia-Australia region. Aircraft will remain vulnerable 
to fee effecs of «tipdcai clouds until such improvements are 
msde. 



ON-BOAM> ASH DETECTORS 

The altmiative to, or supplement for, an enhanced com- 
munication netwwk is the provision of aircraft-mounted 
equipment that can detect ash clcmds remotely ahead on the 
aircraft flight path. Such an instrument could employ any 
one of several remote-sensing techniques (Prata, 1990). The 
advsmtage of sath a systm! is that fee pilot is afforded 



indqpendeiK« from fee poKstially weak voteaao-to-plot 
communication system referred to in fee previous section. 

The Australian prototype of a simple, passive instru- 
tam. has been coasteacted mi t^ted on ash-beariag cioads 
emitted from Saktirspsa Voic^o in Japan {Prata md c&e^ 
1991 ; Barton and Ptata, this volume; Prata and Barton, this 
volume). The protcaype is a maiti-cfeaaii»l radkjmetea- ftat 
ises similar wavelengfes to those of fee AVHRJR 
above). A unique signature for volcanic ssh cteds was 
determined from the Sakurajima measaremfflats: wm& raiia- 
tion was received at 10.9 microns than at 11.8 rrsicrons, 
whereas the opposite effect was measured when viewing 
water clouds and clear skies. The instrument is expected to 
be enable of doming ash cioads 100 km Aead of the air- 
craft, thereby providing sufficient time for pilots to take 
appropriate action. Furfeer development will include a sim- 
plification of fee prott^pe fcsr practice use on flight decks 
and possible incorporation of the concept into a naM- 
fimctional sensor capable also of detecting wind shear asd 
cl&sr-m ttabulence. 
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ABSTRACT 

The Smithsonian Institution's Global Volcaaism Net- 
wwk (GVN, fonneriy SEAN, tike Scientific Event Alert 
Network) has gaftered and disseminated information about 
the world's volcanic activity since 1975. In its 17 years of 
monitoring, GVN has reported activity at nea-Iy 300 volca- 
noes, mchiding eruptions tet produced' the globe-circling 
stratospheric cioud from Mexico's EI Chichdn Volcano in 
1982 and two of this century's largest eraptions: at Pinatubo 
(Hiilippines) and Hod^ (Oale) in 1991. 

Information is provi<led to GVN by a worldwide aet- 
wOTk of about 1,500 cmxespo^mm, sdmtkts, government 
officials, ai^laae pilots, and attecs wife knowledge of 
volcanic activity. The bulletin is seat mmMy to lie com- 
spoTKkats and is also available by subscription throu^ the 
Ammcm Geophysical: llaioa (AGU) and on electronic msd!. 
GVN quickly notifies scientists and officials of eruptions 
that provide significant opportunities for research and (or) 
threaten life and property. News of an eruption that may 
affect aviation is immediately forwarded to NOAA's 
(National Oceanic and Atmc«pheric Administration) Sy nop- 
tic Analysis Brawh aisd to the I^leral Aviation Admini^a- 
tion (FAA) in Washington, D.C. Only by exchanging 
information among m^y sources — volcanologists, atmo- 
s|*teric sci«itists, sa^Ute obsfflrvers, pilot$, andmti^^P 
facilities — ^will fully informed decisions rfxmt the ^^<pi- 
ate response to an eruption be possible. 

INTRODUCTION 

To operate safely in the vicinity of an erupting volcano, 
aviation authorities and pilots must have timely, accurate 
information about the loo^oss of ash clouds. Programs to 
provide warning to aviation personnel of eruption clouds are 
in place in some regions, including the United States, Japan, 
and Indonesia. In the United States, satdiite monitoring of 
TOlcanic cloads, k U.S. ffi^t-mformaticm ^regions ..(FIR's) 



has been in place since 1989 via an agreement between 
NOAA and the FAA Qjymh, 1991). Updates d Ms agree- 
ment now link the observatories of the U.S. Geological Sur- 
vey (USGS) with regional offices of the FAA and the 
Nalicmal We^cr &rvice (NWS) (Hamle^' and Paikinson, 
this volume). 

Japan's Sakurajima Volcano has plagued operations at 
nearby Kagoshiraa Airport since 1955 (Katow, 1988; 
Onotoa sttkl Kamo, this volume), but careful fdanning and 
prompt communication from volcano-observatory personnel 
to aviation autbcrities have allowed continued air service 
withcmt major mish^. 

Many international flights to and from Australia pass 
over Indonesia, which includes more thm 15 percent of the 
world's pctetttially ^tive volcanoes (Simkin, this vdame). 
The volcanic threat to aircraft flying in this area has been 
redxsasd through the dedicated efforts of officials from both 
Aiastsalia asd la<foKsia (Mamem and Cse^cvdl, tliis vol- 
xmt). 

Using a combination of direct visual observation and 
instxamess, new eruptive pdses at a ciaefbHy mc^!tc»ed 
volcano should be evident within minutes (Alaska Volcano 
ObswvMory Staff, 19^; Onotoa and Kamo, tihis volume), 
and news of eruptive activity can be forwarded immediately 
to appropriate authorities. However, only a sma:'. percentage 
of tiie world's potentially active volcanoes are rigorously 
moQitoied, and, at many of those, communications links 
w«h avktion aaiioriti® have not iKxa^ ^^abiished. 

Volcanic cloud avoidance would be greatly aided by the 
development of a cockpit instrument that could reliably 
detect dangerous ash concentrations while they are still far 
from the aircraft (Honey, this volume). Work in Australia to 
develop an on-board sensor is encouraging (Prata and others, 
1991; Barton and Prata, this volume) and may lead to a com- 
mercially available instrument. Neverthel^s, before such an 
instrument becomes available, only a rapid, effectivdy tar- 
geted communications system will 1m!«^ airoraft aid tiieir 
occupants .s#! in volcamicaily actiw 
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THE GLOBAL VOLCANISM 
NETWORK 

The Smitbsceian Institution has been communicating 
information aboot the world's volcanic activity for nearly a 
qaarter century. Reports on current eruptions began from 
CfflBbridge, Mass., in 1968 when the Center for Short-Lived 
Phenomena (CSLP), with a broad-based charter to serve as a 
clearing house for transient natural events, sent out its first 
notifications by postcard. The Scientific Event Alert Net- 
work (SEAN), with its monthly bulletin, was established in 
1975 wife CSLP persoimd broaght to Wasiiai^a to build 
cl(^eac tt^ wife Stettison^ sdksstists. In recognition of 
SEAN'S iscRsasing focus on volcanic activity, its name was 
cte^ to fee Global Volcanism Netwoifc (GV^F) in 1990. 

GVN is 1^ of the larger g|c^al yok^ism pcogr^ feat 
also includes an extensive dat^b^e of Hdiocene volcanism 
(the last 10,000 years) and archives of volcano maps, photo- 
graphs, satellite images, and other documentaiioa. Has pso- 
gram, in torn, is part of fee Department of Mineral Scioices, 
which includes not only laboratory and library facilities, but 
also research volcanologists and major collections of volca- 
nic products. All are housed in the Smiftsonian Institution's 
National Museum of Natural History, on the Mall in Wash- 
ington, D.C., and all constitute valuable resources for GVN 
persoanel is ttmiking vrfcaaic activity around the worM. 

Since 1975, activity has been reported from almost 
volcanoes. Globe-circling stratospheric clouds were pro- 
duced in 1982 by EI (Mch6n (Mexico) atjd in !99! by two 
of the century's largest eruptions, at Pinatubo (Philippines) 
and Hudson (Chile), but numerous, less dramatic eruptions 
wife pK>tentsal for regicml effects m aviatkm occinred dic- 
ing the same period. Nearly 100 post- 1975 eruptions had 
volcanic expiosivity indices (VEI) of 3 or greater, indicating 
feat they produced ertiption cohimas feat rose &> at least 3 Ian 
above sea level and (or) had tephra volumes in excess of 10 
million m^ (Newhall and Self, 1982). Changes that might 
precede an eruptim also xepcsted md cm provide valu- 
able time for short- to medium-term contingency planning. 

At the heart of the global volcanism network are its 
1,500 correspondents aiousd fee wc«rld, who report eruption 
iijfonaadQa,aad,,a^^ bulletin. Many 

are vdcanologists who mositca- a single volcano or volcanic 
region and can thus provide detailed information from the 
ground when as eniption begins. Others are atmos|fteric 
scientists, mmote-sensing satellite specialists, govemm'ent 
officials responsible for volcanic hazards, or members of the 
aviation community. CommanicatioR across these disciplin- 
ary and s^«ncy lines has pwea vaiaaMe, yielding important 
new information and suggesting new and fruitful lines of 
inquiry. The bulletin is available by subscription through fee 
American Gec^hysicai XMm (2000 Flcaida Ave. N.W., 
Washington, DC 20009), on electronic mail systems 
(OMNET, 70 Tonawanda St., Boston. MA 02124; KOS- 
MOS/Pmei, AGU/AiBerican Institute ai Hiysics; and Biaet, 



VOLCANO Listserv. information at AUHF@ASUCAD), 
and (in summary or extract form) in Bulletin of Volcanol- 
0^, &», md Geotimes. The first 10 years of the bulletin's 
vdk»o iqpc^ ^w»e ptb&l»d as Global Yoicanim 
1975-1985 (McCleSasd mi <Kfeers, 1989), and its sequd is 
in preparation. 

GVN quicMy f<»wards news of any eruption feat might 
aJlfect avi^n to NOAA's Synoptic Analysis Branch and to 
FAA headquarters in WashiagKHi, D.C. GVN supports feeir 
efforts by cons^dting local voicandcgiste for infonBation 
about the «iption md seeching Smifesonian resources fw 
data about the volcano's geography and eruption history. Is 
turn, GVN forwards observations from satellites and aircraft 
to volcanologists studying fee eruption and to officials 
responsible for fee safety of people living nearby. However, 
GVN has neifeer funding nor staff for 24-hotir, 7-day 
q^ra^oa, so lesponsibili^ f<x immedi^ nsonitmng 
coBamanication of volcank Im^ds to aacaseft mist temrni 
wWa ofeer organizations. 

COMMUNICATIONS BETWEEN 
VCHLCA!^ C^S^ES AND 
AVIATION OFFI:CIALS 

An eruption's effects on avisttson ise rarely confiiKid to 
a single country. Large volcanic clouds pay no attention to 
national boundaries, and aircraft from dozens of nations may 
fly ferough airspace raadared hazardous by ash. Altitoa^ 
single-nation efforts are valuable, a more effective interna- 
tional communications system is needed to ensure aviation 
safety daring e9i|;^osive en)qptions. IMcrtanately, it mnmm 
difficult for volcanologists to communicate wife the aviation 
community. The many (16 reported) aircraft encounters wife 
Pinatobo's reosmt msp&oa &boi suggest feat i»ws of even 
feis dramatic, well-publicized eruption did not always ceadi 
airlines and air traffic control facilities in a timely manmsr. 
No international system yet exists through which volcaaoio- 
gists can directly receive the aviation system's official warn- 
ings of volcanic hazards to aircraft, such as NOTAM's 
(notkes to airmen) and SIGMET's (sigaifeaat meteorolog- 
ical advisories). Knowledge of feese messages would help 
vdcanologists and remote-sensing specialists evaluate the 
effectiveness of tfaek aaamaaications with the aviation 
cammunity during an eruption, and it would help catch 
enrols and <Hmssions promptly before they could lead to a 
disasntw jiraraft-ash oiooBnter. 

When acc«sible, pilot refxats aF«ti|*ive activity have 
proven very vaitable in ^^ssisg fee diarac$eristi« mi 
vigor of an eruption, and a volcanic activity report form has 
been developed for the latem^onal Civil Aviation Org^i- 
zsdtion by fee Intemadc8jai! Federation of Air Line Pilots 
Associations and ofeers (Fox, feis volume; Miller, this vol- 
ume). Eruption-cloud observations are to be immediately 
cc«nmun!Cffited by radio to ti» regional air traffic ccmtsol 
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ca«^, so that o&er pHots is tJhe me& cm be promptiy 
Mmned. Ths c<mple^ fma Is to be given to company 
of&iMs after landing. However, commiinication channels 
seeded fmv/sxd pilot ok^sxvs&m of en^tions to local 
vdk:aiK>lopsts md, iM^s^&maly, to GVN, i«B»:Mie-smsmg 
^jeciaiistE^ ^h@r airlioes, aad air tsraffic ai;riJbarilies. 

COMMUNICATING SATELLITE 

OBSERVATIONS OF ERUPTION 
CLOUDS 

Laife ex^kmsfc mi^tekm cm oHen be <tetect^ by 
satellite and the resulting pliutMS &%:!ced fcr long distences. 
Images from NOAA's polar-orbiting weather satellites were 
osed by Matsoa and Robock ( 1984) to document tlie 1 982 El 
Chichdn plume fOT several weeks as it circied the globe- 
Geostationary weather satellites provide more frequent cov- 
erage, returning data as often as once every 30 minutes, 
^tlioagh resolutios is lower fean for polar-wbiting satellites, 
spectral information is limited, and viewing angle is poor in 
some areas (such as at high latitudes). Analysis by Sawada 
(1987) of 227 ertiptions wiijin ise ield of view from Jaepan's 
geostationary meteorological satellite showed that only 
about 14 percent could be detected, but almost all eruptions 
were evidbat wh^ didbr clouds rose to moKS tfeiaa 10 km 
altitude. No plumes smaller than about 20 km in horizontal 
extent or 4 km altitude were observed. 

Eri^cm clouds remain dii^iailt to distinguish ftcm 
weadtor douds, but use of mtddsjpectral data (presently 
available only from polar-orbiting' s^elites) offers promise 
as a technique for detecting the silicate particles that are 
pre^sat in virtually all fresh volcanic plumes (Schneider and 
Rose, this volume). Other characteristic components of vol- 
canic clouds, notii^iy SOz, also aid in tiheir remote 
detection. The total ozone naapping spectrometer (TOMS), 
now on pplar-wbiting satellites, is sensitive to SO2, whose 
presence in a cloud is a clear indication of volcanic origin 
(Kflueger and others, this voiuiue). Despite inftequent real- 
time monitoring, TOMS data have m sevsaal c»c«icais 
provided the first news of eruption clouds originating from 
volcanoes in remote areas. TOMS tracked the main Hnatubo 
cloud until it extended beyond the west coast of Africa and 
documented the Hudson plume during its 1-week circling of 
the globe. By coordinating TOMS data with observations 
from o6i« welter sstellites, m<ae f^mes cotiid be trasked 
and the number of "false alarms" significantly reduced. 

Rapid communication between volcanoiogists and sat- 
ellite <*s«vers shmld be est^lished «eb4 vstee it ske&Sy 
exists, strengfcened, to solicit ground confirmation of sus- 
pected plunaes and to trigger satellite searches for plumes 
frcan ttew etijptions. Although monitoring of die mtke gld)e 
could theoretically be accomplished from a single site, 
communication remains difficult across great distances (and 
many time zmes) — therefore, m<mitCHing fr<Hn existing 



n^ional and regional satellite-observation cenftara wmiid be 
more effective. Most of these centers are focused <m meteo- 
rology, operate on a 24-hour schedule, and are already 
oiien^ towai3d mpa commmis^mB, of faazanious coiKli- 
&m. E^ AsM'«stiitMsh dose ties wift local volcancto- 
gists, air traffic (fidais, and airlines in order to determine 
pfocetees to i» folowed ki &e &rmt of a large mi|^o&. 
The valuable woric 1^ NOAA's satellite specijeiists daring 
recent eruptions demonstrates that existing meteorological 
personnel are able to search effectively for and track 
volcsuuc ckHids with modest adkjUtioQM te^ning. 

ANTICIPATING ERUPTIONS 

TTie locations and recent eruptive histories of many of 
iie world's potentially active volcanoes have been docu- 
mented (Sim.kin and others, 1981), and others, which have 
not been identified, are likely to be within known volcanic 
belts (Simkin, this volume). The most violent eruptions 
iftcpic^y occur from volcanoes that have been qui^ far 
hundteds to fiiiwjsands of years and can oSfen be fise fiirst his- 
toric eruption at a site not recognized as potentially active 
(Simkin and Siebert, 1984), as dramatically illustrated by 
eruptions of H Chichdn and Hnatubo. Planning for future 
eruptions should thus focus on entire volcanic regions, as 
well as on die most frequently active volcanoes within those 
regions. 

Maps that show the relationship between volcano 
locatioos and air routes are not yet available, but tfaey would 
be V AtaWe to'i^an 'effecti-wiy far fteie- ot|^obs =03* bo& a 
global and regional scale. Air routes downwind from active 
volcanic regions should be identified, and the necessary 
communications links between volcanoiogists, satellite 
specialists, aviation authorities, and airlines should be 
established. Such maps would also become powerfrjl opera- 
ti<mal tools if current satellite d^ cottld be eiectronics^ly 
superimposed upon them — the resulting image showing 
source volcano, eruption-cloud position, forecast cloud 
trajectorl^, 1^ air routes c<Md be timsmMe4 to dhtmt 
computer screens, both c»i die grcKind 2& well as in fte 
cockpit. 

VolcMiic eruptions rarely occur without warning. 
Increased earthquake activity, swelling of the volcano, and 
(or) changes in gas emission generally precede an eruption 
by days to years. Givee even raiiiiraal mot^ixmg, erne or 
more of these premonitory signs is usually recognized before 
an eruption, or they may be noticed and reported by people 
Hvkig aesff m mmmkmed votemo. Althwgh sadh episode 
of unrest often do not culminate in an eruption (Newhall and 
Dzurisin, 1988), they can provide valuable time in which to 
prqpare contiBgeiicy plans, therdxy reducing the risk of an 
ash encounter if an eruption occurs. 

Detailed pre-emption planning is essential if communi- 
cations links aie to work smoc^ly whes m empim he^ias. 
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md aviittioE officials should eslablish good workiag reist- 
tionsliiis with their region's volcanologists before the next 
large erapdon. A valuable directory published by the World 
Oa^»zatei, of Volcano Observatories. (Si^alda^a, 1^1) 
describes posonnd, eqaipment, and tmni^ug at 
more than 40 facilities worldwide, many of wbicfa are 
respossible for more than one volcano. 

News of possible pre-emption activity t»eds wider aid 
more rapid distribution, but money is also needed to 
establish at least minimal monitoring, perhaps as little as a 
single seismranaeter, at each of the w^d- s pot«itiaily active 
volcanoes. The International Decade for Natural Disaster 
Reduction provides a logical framework for increased 
volcano mositormg, aad &e aviation communis should add 
its considerable influence to proposals by volc^ologistt far 
improvements in monitoring capabilities. 

Improved cSmtftSiiic^da itaiains flie key to avoi&g 
disastrous aircraft encounters with eniption clouds. Effec- 
tive communication must cut across international bound- 
aries, organizational barriers, m6 scientific disciplines. 
GVN can help by catalyzing crucial communications links, 
providing information about monitoring efforts at individual 
volcanoes and vcacasiSc r^ions, tod contintir% 'as primary 
role of suf^ly ing prompt isfcsmation abait airreat volcanic 
activity. 
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VOLCANIC ASH AND AIRCRAFT OPERATIONS 



By Edwaid Milter 



ABSTRACT 

The aviation community has been subjected to volcanic 
eruption hazards os several occasions over the past decade, 
asually in arate- dram^c fiash«». Vdcanic a^, injected 
into the stratosphere by explosive eruptions, is abrasive and 
will cause serious damage to aircraft engines, control 
surfaces, windshield and windows, asd iaading lights. Ash 
clouds are difficult and sometimes eveo impossible to 
distinguish from weather clouds. 

This paper explores the ground detectioa, fqpcatiag, 
and dissemination of information critical to crew members 
operating in the vicinity of known volcanoes and discusses 
the operational needs of flight-crew members. Pilots need to 
be educa^ abojJt the hazards of volcaaic ash. Pilots need 
two K)0^ f<x fqpcatiiig and coping wiii vdfcanic ssh: a copy 
of fee ICAO volcanic activity report fonu (VAR) and a chart 
p<»rteaying air routes and locations <rf kaown vdcaaoes. 

INTRODUCTION 

The aviation community has been dramatically intro- 
duced to volcanic eruption hazards over the past half 
century. Volcanic ash, a by-product of many explosive vol- 
cmic ei^p^nts, is ofssa injected into Ae upper troposphare 
a!u3 stiatGSphere and spreads laterally in the upper-level 
wind flow. The ash is abrasive and capable of causing seri- 
ous damage to aircraft engines, control surfaces, windshields 
and windows, and landing lighte. He dast <^ clog the pitot- 
static systems, which determine air^ee<J»®Bd altitude, and 
can damage sensors flsat deliver eJecoraaie data to aitomated 

assooa^ cloiKis, ^ i$ difficult md sm^timss impc^sible 
toidffiBtify. 

INTERNATIONAL EFFORTS 

Since 1944, when a squadron of B-25's on the ground 
in Italy wore d«tE»yed by volcanic ash frcsn ML Veaivius, 
aircraft have been sustaining damage in varying (tegrees 
from volcanic ash. In 1 982, two B747's, one British Airwi^'s 
flje c^m SingapOTe Airiines, cape vsay dose to disaste- in 



ladoaesias airspace because of volcanic ash (Smith, 1983; 
Tootell, 1^). SSiorfly after &isse iacldeate, the m naviga- 
tion commission of the Internationa! Civil Aviation Organi- 
zation (ICAO) formed the volcanic ash warning (VAW) 
study group to deal with the dire« d volcanic ash (Fox, tttis 
vdume). 

Tlie study group developed procedures and guidance 
for dealing witii volcanic activity and reporting fite activity 
to aircraft and control centers in a timely manner. Working 
within the firame work of ICAO, implemeatation of these 
procedwes rapired fom^ asaadtaeats to tJje ICAO 
latory documents. Hie VAW study group recommended 
amendments to annexes 3, li, and 15 to document 4444 
(Procedures far Air and Air TrsiBc Sffirvic^) and fecament 
8400 (ICAO Abbreviatioas wi Codes) — the study group 
also recommended changes to the provisions for the use of 
notisses of significant meteorological events (SIGMETs), 
ncdces to airmen (NOTAM's), and special air reports of 
volcanic activity (VAR's). All formal amendments require 
c<»isa]tatto& with member states of ICAO, a time-consuming 
but necessary step. During these discussions, the air naviga- 
tion commission provided interim measures for member 
smss to use and organized an iRtemattonal Airways Vol- 
cano Watch, which ma3cimia»s fee vaia© of fflcisling 
observing networks from several divme fields. Ttiese rwt- 
works include: 

1. World Organization of Volcano Observatories 
(WOVO). WOVO, under the aegis of the Interna- 
tional Association of Volcanology and Chemistry of 
the Earth's Interior (lAVCEI), includes volcanologicai 
oteervatoties located in dftferent o<xintrics and ander 
different authorities. The member observatories form 
a global network that has the poteadai to provide vol- 
canic activity reports in resi time to air traffic control 
ceffltfflcs and world meteorological centers. 

2. WcffM Meteorological Organizatioo (WMO). Hie 
WMO includes meteorological watch offices that 
receive information from meteorological, hydrologi- 
cal, agricultural, and climatologlcal observing sta- 
ticsjs; merchsmt siiips, which routinely provide 
meteorological reports; and meteorological satellites. 
Approximately 7,000 merchant ships are capable of 
rqx»tin| regtilsur m^mok^k^ dbsm'atiCBis to 
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coastal stations. Allowing for port visits when the 
ship crews are not observing, the WMO estimates 
that about 4,000 ships actively refiart fiom all gloM 
shipping l^es. A smMl tsmix^ of ^ips jdteo mike 
upper-^r measurements. These reports are received at 
the World Meteocological Centre at Br^knell, 
England, every 24 boors. 

Satellite monitoring of volcanic eruptions and voicanic 
ash clouds is not without problems. Geostationaty wether 
satellites cannot track volcanic ash clouds once feey mingle 
with weather clouds. The NASA (U.S. National Aeronautics 
and Spac* Adrnis istratios) Maibus 7 satellite, and a recently 
hmtd^ Soviet sateiite, eai» have the total ozone mapping 
spectrometer (TOMS) on board, which is capable of detect- 
ing sulfur dioxide m tiie volcanic ash cloud (Knieger and 
<Aers, this volume). NOAA {0.S. National Oceanic and 
Atmospheric Administration) satellites with the advanced 
■my h%h resolution radiometer (AVHRR) are also capable 
of <tetectitng a wlcmte clood (Sctaowidter and Rose, 1i»s 
volume). Both TOMS and AVHRR methods are time 
consuming, and only a limited number of centers have the 
s^lite-data receivitig ami {mcessing equipment. 

RECENT EVENTS 

Events of recent years have reminded us with alarming 
regularity that aircraft and volcanic asfa do not mix well. 
Windshields have been rendered opaque, engines have 
failed, and severe damages have left ^r carriers with aircraft 
useless to them without cos%" repair. On December 15, 
1989, a Boeing 747-400 airiHiar ea route fix»n AmstCTdam to 
Astciicmge esa>uM»red vote^ic frc» ^ I^tSosM 
Volcano in Alaska and suffered a simuitanecsK f<wr-^iae 
flameout (Pas^^^M w4 Casadevall, this y<Mmei) and, 
despite stttte-of-iie-art techTOlogy, the JBrc!Uft*vm reiJdered 
an expensive glider for several minutes. The crew was aware 
of a volcanic eruption in the vicinity of Anchorage prior to 
their A^jsartntefixm AnBterdan. At 11:27 zsa. Alaska Stan- 
dard Time (AST), the flight was in the Fairbanks area and 
was informed of a second Redoubt eruption. The pilot 
requested and Boxaved aiadar vector aroaadlfee i»p<»ted ash 
cloud. At 1 1 :46 a.m., during adescent from 35,000 ft, the air- 
craft entered a benign-looking stratus cloud at 26,000 ft. 
Dm. aad aenolsK m &e osckpit ca®e to crew's attention 
first The cimd was unnaturally dark, and St. Elmo's glow 
dione at tite wiMows. The crew ^plied fall power to climb 
out of tihe ash dbud, sasd alter afcwW 1 mmm& d fBgfc power, 
all engines spooled down to below idle, followed by a loss of 
airspeed activation of the stick shaker. The slick shaker, 
3 stall warning device, alerted the pilot that the aircraft w^ 
approaching stall. The next alarm was a false fire warning 
bell and aew-alerting system message, "cargo fire forward." 

l!h& ctew initlMed ^^[^rq^sis^ mmr^^iKy procetenes, 
(fcciared an fflnergeacgr to tihe Ancho«^e air traffic cmml 



center, and initiated restart procedures for fee engines. The 
aircraft departed die cloud at 20,000 ft, and, after five or six 
somips, the crew successfully restarted engines 1 and 2 al 
m aite^ of 17.200 ft, producing enough power to maintain 
level flight. After three additional attempts, engines 3 and 4 
were also lestfflted. The remaiader of the flight occurred 
wtfti<M fiirthw incident, and flie airplane landed safely in 
Anchorage. 

The aircraft sustained heavy damage during its encoun- 
ter widi fte ash cloud (Campbell, 1991). All four engines 
suffered damage to their compressors, combustion cham- 
bers, and turbine sections. The intake turbine blades showed 
excessive wear, md ifte comfoastion so^iffls had est^ 
blocked. The ash was redeposited as a glass-like material <m 
hot parts of the engines (Przedpelski and Casadevall, this 
volume). The pilot-static sy^ena was contaminated, resulting 
in a loss of airspeed indications. Contamination of the venti- 
lation system caused the avionics compartment to overheat, 
reEHterfng ai OHiqx^neHts to ^be mi«ci Of fiAitte. "Hie f&d 
system and hydraulic systems were ccmtaninated wMi 
volcanic ash and required purging. 

Even though &ere is no "degree" of hazard scale, pi!o«s 
should know that, after loss of one or more engines due to 
volcanic ash and subsequent relights, they will deal with 
pensamsstibr ismaged engines alraraft. Foitiier fli^t 
sh<m!d be phmsi wMhi that fast is mind. 

PILOT DETECTION OF VOLCANIC 
ASH CLOUDS 

Klots are often the first to detect a volcanic eruption, 
even when the volcano in question is extensively monitored. 
Mweover, considering the number of vdicanoes not yet 
moautaed and the potsmM threat to aviation, pilot reports 
take on mw impOTtance. Mots must report any atmospheric 
hazard to flight that they observe, and vdk^asic defmi^y 
qualifies as an atmc^i^mc hazanl. 

Pil<^ are obliged to report known atmospheric hazards 
along routes of flight. The ICAO-approved special air report 
of volcanK activity (or volcanic ^Kitivity report fcam, VAR) 
was deemed necessary becaise of tiKs hazardous n^ure <rf 
volcanic ash clouds and their unpredictability. The form was 
designed for the needs of pilots and volcanologists (Fox, this 
volume). Items mimbered 1 through 8 of the VAR are to be 
transmitted over the air traffic control frequency to the air 
traffic control center. Aircraft on and monitoring the control 
center radio fireqaeancy will receive the inform;^on n ihe 
same time the control center does. The reported information 
received by the listening aircraft will aid them in discerning 
dieir degree of hazard and wte res^nse is t»»cessary. Ute 
remainder of the form is to be filled out when duties p^mit 
and is tamed in 2X the first point of landing, 

ExisUag dHcrafi: hardware is inc;^ble of detecling vol- 
canic ash; ip&ds are tlie <^y oa-boaid sy^sto capaMe of 
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detection! Recently, the Australiaii Office of Space Science 
and Af^ication (COSSA) has developed a prototype instni- 
mesit for in-flight detection of vcfcaaic ash — this instrameat 
is cwrently being tested (BartOB and ¥mi3^ Ms vduine; 
hsm mi Bamm^ iii^ vcMma). 

jmomM.'mm and respoi^e 

Aiiborae light crews will lecdve radio ttapom of voi- 

canic-ash-cloud informaticK! either from another flight crew 
or from the controlling air traffic center. Future communica- 
ti<Mis linkages include printed messages received in the 
cockpit via datalink. The pilot's first task after receiving this 
information is to determine the location of the event and 
assess the tihreat to the present route of flight. A pilot 
observing a suspected ash cloud should report it following 
the foimat of the volcanic activity report form (VAR) (Fox, 
Ms volwie, fig. 1), Section I, items 1 through 8, jcre all that 
are required to be $ivm at or shortly after die oicoaater and 
gives other crews in ^ ms& enough informafion to plan a 
{KUdeot course of action. 

By applying the air report information to a chart that 
depicts volcanoes and air routes, the pilot could quickly have 
a gr^ic picture of the affected area and determine the posi- 
ticai Of fi» fflixaraft relative to the ash cloud. The pilot could 
plan avoidsffice of tiw ash fay comparing cloud tops, airaraft 
performance, and oAer options available. Course correc- 
ticHi, if j^pK^ate, may be ^israiined after looking at Jhe 
information now depicted on the chart. Someqaestionstobe 
asked are: Is a course correction necessary? If so, how far? 
What altitude is available on the other route? What will the 
correction cost in feel bum? Is a new rcHite nece^tary just 
long enough to avoid the cloud and then return to the original 
route, or will a whole new route be required? Is feel suffi- 
dmt to resKjh the i^anaed destiaatioa after Has tmme, or 
must an alternate destination be arranged? If the flight is 
short of the established point of equal time, is it necessary to 
tetmm to tiie ik^mtwe stalKaa? 

The following weaknesses in^^accurai»pilot regortitig of 
volcanic activity are possible: 

1. lbs initial mamtter msy reqake tiKmediate eraer- 
gency action. Filing a report by radio, and complet- 
ing the report form, may initially have low priority. 

2. WeafiKT and Uttie of day may preclude the possibility 
of a pilot report. A volcano may only release steam 
clouds whose size and color may vary due to atmo- 
i^edc conditions and time erf day. The steam cloads 
wil trigger reports of an eruption that m.ust be treated 
as an ash-cloud eruption. Verification of pilot reports 
is aoi always possible, and tit»»e is always a time 
delay, even when verification facilities are in place. 
This situation could be improved with pilot training 
tl^t co^^^xs ^ hszM& of vdk:muc asb to aira^ and 
aircraft systems. Un^tecstanding how and wfaM to 



report when sighting volcanic activity fills Aat 
requirement. 

3. Powacfiil empions that penetrate the stratosphere will 
fcen a mushroom cloud similar to an atomic explo- 
sk)n (Johnson and Casadevall, this volume; Self and 
W^er, this volume). Klots may view the ascending 
c<^i!mn of volcanic ash and mast be aware fean an ash 
umbrella could be damaging to the aircraft. 

4. Ash clouds are difficult to identify in darkness. 
N^httime reporting has only been possible after 
eittering ash clouds. Wi&out airborne detection 
devices, early warning is not always possible. The 
followiag cfa^cterisiics <rf ash encountssrs have been 
reported by flight crews: 

a. Smoke or dust in the cockpit. 

b. An acid odor simil» to flsat of electrical smoke. 

c. Multiple engine malfunctions, such as compres- 
sor stalls, increasing operating temperatures, 
taK:^g'.£E».'@%ip», a£ide0giae.flame<»tts. 

d. St Hmo's glow and static discharges around 
the wiiufehield, accompanied by a bright orange 
glow in the engine ini^. Vokaaic asfi clai<3fe 
may contain sufficient electrical charge to gen- 
erate lightning (Gilbert and Lane, this volume), 
a x&x^Mm aMM)^^ for the {nl<M, p^cu- 
lady at night. Most pilots will avoid lightning 
teifi^y not necessarily be aware that a volcanic 

SIGMET (SIGNIFICANT 
METEOROLOGICAL INFORMATION) 
AND PIREP (PILOT REPORT) 

ICAO defines the SIGMET as "information issued by a 
meteorological watch office concerning the occurrence or 
expected occurrence of specified en-route weather phenom- 
ena that may affect the safety of aircraft operations." 
SIGMETs, by design, block off large areas of airspace, smd 
volcanic ash.cl(»ids may occupy only a relatively small area 
of the SIGMET-oiol^ area. With updated pilot repots, areas 
free of volcanic ash cs» be determin«i witfi more 
ccHifidence. 

Pilots have reported that relaying information about 
vi%ere Ae ash dcmd is not, can be more nnportant than infor- 
mation about where the cloud is because open areas permit 
aarcraft to operate (Haeseker, 1991). However, such an 
cf>a»tion requires very cSose monit<HiBg, wilh updates as 
feequent as 15 minutes or less from aircraft in the operation 
area. Usually, this will only be possible during daylight 
hours — mo&ieic unfbminate r^triction. Considering an 
alternative of no operation at all, the above has valid 
^plication. Departure and an-ival airports must be open and 
tesmB c^i, mdt ^temme m^mts mist be avaiL^Jk. Air- 
oraft must be flown in visual con^ti(»is mikx visual flight 
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rales (VFR) away from clouds, even though the pilot may be 
flying ante iasteoiaeat fligfet »ies (IFR). Coai^t ammm- 
nication mmt be maintained between the aircraft and tbe 
traffic control center. The center tmy be receiving updates 
&cc&y frcm a wlefflo^servMiM faciity aad wii cm^ 
late that information with pilot reports. Base operations and 
airline dispatchers must also be in the information loop. 

night regulations require that aircraft captains have the 
final word on whether this type of operation is safe and 
prudent This plan, with the best information, may be Umited 
by the controlling cento's ^iMty to t&x>m& tt^c. Tfee case 
of limited ability may not hinge on center staff, but on 
terrain, volume of traffic, and limited corridors open to 
traflc even wxks noanal conditicaK. 



CONCLUSIONS 

• AWtosi^ mmh has l>e«a-doBe^ m situate 4e daagm 
of volcanic ash to aircraft, rmm is needed. There are 
1,500 known volcanoes wcaMwi<ie, and about 600 of 
ftese volcanoes sre considered active (Simkin, this 
volume). An average of 55-60 volcanoes erupt each 
year, and about eight to ten of these eruptions produce 

cloeds th« rejK* flight aMtt»te. 

• Considering the limited number of mORitored volca- 
noes and the limits on satellite detection of volcanic 
ash clCHids, we aa&dt^ tih^ plots mast fee especially 
attentive to tfee hazards of volcanic ash intru^ig into 
airspace. 

• Hlois already loot out S one aiioiSer % rqpotting 
in-flight weather conditions such as mountain waves, 
clear-air turbulence, and thunderstorms that are all 
hazardous to flight 

• Pilots are knowledgeable about atmospheric hazards. 
This knowledge is acquired from actual experience 
aad from, refttired wether traiamg coirses: for licens- 
ing purposes. Volcanic ash is a relatively new hazard, 
and although not many crews have experienced flight 
kAo a vdcaac clot»i, it is regpnslXab^ tfiat the 
number of crews with Ifcis experience is growiag. 

RECOMMENDATIONS 

• Pilot training is the first priority. Pilots must under- 
stand that volcanic ash is not like sand or dust, and 
they must kmw tew to r^^ognize kadvoteat ©ntry 
'mo m asit cloud. 



• Pilots mast uadacsKad the recomnMided procedures 
fer exitmg the cloi«J in cader to nsiirimizE damage to 
their aircraft (Campbell, this volume). 

• A volcanic ash training video has been developed by 
the Boeing Company in cooperation with the Air Line 
Pilots' Association and the U.S. Geological Survey. 
This video has been distributed widely, and ICAO 
will provide translations into French, Russian, and 

• Presendy, neither the new video nor previous volcanic 
ash information developed by airframe and engine 
ma«Bfacttff«f« is mandated for incMsion in pilot traiit- 
ing syllabi. Minimum requirements should be that 
every liceitsed pilot view the training video. More 
effecaive training would require die mclusion of vol- 
canic ash hazards into ground school courses required 
fcK' a pilot's license. An ideal trajning program would 
inclidg ffie' required groaiid' school, tfie video, ^^"a 
volcanic ash drill during fiie simtiktar poric«a of the 
pilot training couxse. 

• Proper tools must be provided that will assist pilots. 
Tbsy must have the ICAO volcanic activity repoft 
(VAR) form. The VAR fonn is already in use by some 
airlines. In addition, commercial chart makers such as 
SeppesmrSssSessm, Inc., have bem «!K;CKi]:ag^ to 
prepare charts .showing .volcanoes and ,air r<«tes. 

• iFmally, aMine masmgemtat must be convinced that 
tbc charts, tie vidbo, aad tbe trming programs mt 
^secessaiy, and'i^tatSoii^mialJistewntei to in^fe- 
ment the diai^e. 
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VOLCANIC EVWr NOTIFICATION AT 
MOUNT ST HELENS 

By B(MA& Myexs and Ckcffge J. TTieisen 



ABSTRACT 

During the 1980-86 eruptions of Mount St. Helens, 
hazards information was quickly disseminated through a 
U.S. Geological Survey Cascades Volcano Observa- 
tory-U.S. Forest Service notification system. Written and 
verbal statements issued jointly by the Cascades Volcano 
Observatory (CVO) and University of Washington were 
released to the Forest Service for telephone call-down to 
governmental agencies and private interests. Once the call- 
<tows was underway, public media infomiation t^pes 
were apdated aad press releases wem issued. Because most 
of tij«»e erai^ons had recogaizablft pEmirsors, a smes of 
infcsmation statements and eruption forecasts was issued 
daring tfie weefoi to tioars befoine an emption, flius povi^ng 
advaiK» wssnmg of ycfcaak mb/it^ asd ^sociated hazards. 

Huit<ipeds oi smali gas a!Kl ash einisslcms Mso occutred 
<feirisg 1980-86, most without recognizable precursors. The 
Mi^ of precursors made advance warning of these events 
lBD|!C«5a>le; tel^, t»fc«iH^<Hi smmiaas was is^i^ 
after the larger, more visible events. The occurrence of occa- 
sional small, unpredictable, ash-producing explosions at 
Mount St. Helens duriag 1989-91, coupled with increased 
concern about the hazards of volcanic ash to aviation, 
prompted CVO to develop a seismic-alann system that trig- 
gers on small volcanic events. This alarm system activates 
CVO's 24-hour telephone beeper. In additioa, the Rderai 
Avjatiofl..AdisiBist!5^<»::,(FAA) ca8.,aJso .a«^v^.:fljc,,CVO 
beeper to report possible volcanic activity. These two modi- 
fications iBn|>rove CVQ's refuse time for non-predictable, 
suddoa-oitset evatts aad help the FAA quickly verify pilot 
i«jK»t5 of pos^We volamc plasies. 

Wh«R Meant St Heleiis awdkse in March 1%0, there 
was an immediate need for the rapid dissemination of infor- 
mation about volcanic events and hazards. An emergency 
ax>rdi!UttioB center ^KX!) establish^! at tite U.S. FcMrest 
Stervice (USPS) facilily in VaiMXmvra:, Wash. Hie feci% 



was staffed 24 hours a day by USPS personnel experienced 
with emergeacy respcHise, During critical times, the ECC 
was also steffed by rq[K'esentatives of the U.S. Geological 
Survey C^^s Vdcauo Otservatory, emergency manage- 
ment agencies, and private compaiiies. A communications 
network (fig. 1) and telephone call-down procedures were 
developed to facilitate rapid dissemination of infomiation 
about the activity of the volcano. Information was also 
disseminated through public me^ngs, press conferences. 



U. S. CSOLOGICAL SURVEY 
CASCADE VOLCANO OBSERVATORY 
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IJNIVeJSlTY OF WASHINGTON GEOPHYSICS PROGSA3« 



Figure 1. Commuiiication and notification network for rapid dis- 
semination of volcanic hazards information at Mount St. Helens. 
Statements issued jointly by the Cascades Volcano Observatory 
and ifee University of Washisgajn are disseminated by tite U.S. 
Forest Service emergency coordination center. Although ail partic- 
ipants have the opportunity to communicate with each other, the 
main channels for distribution of formal statements and notifica- 
tions aie shown by heavy Ist^s. Dashed lines rqpr^nt secondary 
IWes during tte «rly 1980's, wMdi have become priissBy Jiidss ia 
recattyeais. 



U. S. FOREST SERVICE 
EMERGENCY COOR0LNATION CENTER 


















AGsBNaBS 


FEDERAL AVJATiON 
ADMtNiSTR.\T10N 












NATIONAL OCWISC 
A.»<D ATOOSRiERIC 




OTHER mx.<m^ 




i HaVATE 


NEWS MEDIA 



207 



208 



VCSX^AMC ASH AND AVIATION SAFETY: RROCHEDINGS, HRST INTERNATIONAL SYMPOSIUM 



Table 1. Btaujple of stateiaeats by CVO and UW released by 
K5C dtona^ fl*! Maich-Apd! 1982 sauj^ve fwriod of Mmm St 
Helens. 

fCVO, Cascades VotaiKjObservaKgy; Wlia*i«w^!MrfVIM^ 

geacy axx&msion center; ?Sr, JsaSic Ssffldapd Tans. Fcrino^ (S^«« <rf 

St Hden s, a series of st«n»«( penSe^^ w «ais»io»^SBM! provaSng intcrmSoa m 

emptivc activity after it Ix^ was wtStel^ CVOmdiay and Kleased l^ te BCC 

teM^ a tosaJ caS-down 5aooe<lure. These statenouB Juswe ipdiaaiiy oa wc- 

opM<m of a repealed pasera of fsecarsore. When the fwaiis ctogetf, ssstemsm 

WW a<»«ismJy kss <3eailcd 11k fdlowing exMipie ji^^ 



Marcli5,1982 

Om PST; EXTENDED OUTLOOK ADVISORY: 

Scisnicity at Momt St fifelens iiKTeased around February 21 

and has remained at a level somewhat above background since 
that time. Approximately 100 earthqttakes that occurred darir^ 
iSSs period ime bees Icjcated. Tbts& ear^teS^ SB Mo iwo 
pxmps: (1) a "de*^" group of very snmll earfhqitalces with 
cfflters at 6- to ll-kna depths, aad (2) a shallow group of 
somewijat larger (magnifade 1 or less) earthquakes located at 
3-4 km Ep to the surface. There is a pronounced lack of 

Although poor weather during fee past week has hampered 
observations and monitoriag on the mountain itself, 
TBsasiBaBBm made Is^ wo^ ^aw oafy slow grwiiKi 
defonaatios in the immediate vicinity of tite and no 

significant increase is gas emissions. 

Mmbn,i98i 

mo ?ST, EKTEmm outlook ADVISCSIY: 

Sdsnicity beae^ Moont St. Helens continnes at elevated 
fcveis, tuit individtia! earthquakes are of low magnitude. 
EssEt^iakes have been occurring in 1-2-day-long episodes 
^pK^ed fay l-2-d2y intervals of decreased activity. The 
^fffeqii^ces are occurrfflg betweeai fte surfeKie and a depft of 
aboat 6 miles. Rates of grotmd deformation in the crater area 
have increased disring the last two weeks, and they are similar 
to paftKas daser^ed heicxe ^emm d<»n&4>aidmg er!^<x!s. 

Based on rates of i^<Hmation, an eruption is likely within the 
next 3 weeks. Deformation is confined to the crater areas, 
suggesting that renewed dome growth will occur. The current 
seismic patterns differ from any observed before 1980-81 
ers^tioBS, however, asd raise the po^biiity of more harardoas 
variations in eruptive behavior. If there were to be any 
pyroclastic fiows, from either an explosive eruption or collapse 
of the steep north face of the dome, fl^e p<»sibility <^ t^d 

snowmelt would be a concern. 

MwtjfalS, t9«t 

l^BST;ADViSaEtY: 

Accelerating rates of ground deformation in the crater of Mount 
St Helens suggest that an motion, most likely of the dome- 
bssldmg type, mS. px^jsWy b^in within 1 to 5 days. I>eq> 
eartbpai:^ have almost ceased, and shallow earthquakes 
OH^SBe at a jsoders^ rate. A further mcrease in shallow 
^ss!»i*^ is before fee «fi5?tt« starts. 



Table!. Emiiyple of ^atem^^ies by CVO and UW rdbased by 
E<X daring the Umh-A^l I9&2 earuptive pcxiod of Mmnt St 
Eeleas— Oac^mied. 



Miorch 19, 1982 

0«0 PST; mWTKm ALERT: 

Seismicity at Mount St Hdeas has iiareased sgsificaatfy 
darir^ tfas jasE isy. This iadScates tiiat as eruption wil! begin 
soon, profoafcly vMm the next 24 hotirs. The character of both 
the seismicity and deformation in the crater area indicated thjft 
the most likely type of activity is dome growth. 

1933 PST; ERUPTION ALERT; 

Verbal statemeirt that OTptiras had bepn at 1927. (Significant 

increase in seismicity and pilot and radar reports of an asfe 
plume indicated start of eruption.) 

2025 PST; m:DPtlON UPDATE: 

The eruption has subsided for the time beii^ and an a^ plume 
is blowing to the SSE. and S. with a lesser amount to the SSW. 
The size of the eru^on and the amoum cf tl» appem: to be 
like iio^ «F &e sastaaer 1 980. 

March 21. ISHKS 

0900 PST; ERUPTION uTDATE: 

There is a new IcAe being added to fee SE. side of the lava 
dome in the crater of Mount St. Helens, Tne new e»ln»ion 
began during the night Seismicity and tilt are now followii^ 

March 24, 

1730 PST; ERUPTION UPDATE: 

Growth of the new dome lobe has slowed significantly over the 
past 2 ^sys, biA rates of defonnatK» m Sk north side of the 
dome have incte^^ over the smK j«riod. Uitii additional 
measurements are made. It TOnld be {semature to <fedare tMs 
eruption over. Seismometers are recording decreasia^ mn^iets 
of avalanches as growth of the new lobe slows. 

mm RST; ERUPTiOH UH>ATE: 

Seismicity still continues at moderate to high levels. 
Fluctuations in seismicity correspond to pulses of gas and ash, 
the largest of which began at 1237 a.m. and rose to a maximum 
of about 32,000 ft. There does not a^ipesx to be much is^mlhs 
plime, b«t minc^ ashM was «|XKted earHer toi^M at 
Packwood. No increases have been riqx»4ed in river ie!>fekSi 

1800 PST; ERUPTION UPDATE: 

Seismicity is continuing at a moderate to high level. The status 
of the volcano remains unchanged since the previous advisory 
(I a.m., 4/5/82). Some additional dome growth and (or) small- 
scde exirfosive ^tivity is licely; larger explosive activity is kss 
Iik»ly but caim<a be rribd oat 



VCSTANIC BVE^T NOTTOCATION AT MCWOT ST. HBLSiS 



1ri>te 1. Example of staemeats by CVO and UW released by 
toii^ fte Mas-db-Apri! 1982 ©n^ve pmod of Mount St 



Aprils. 1982 

0915 PST; ERUPTION UPDATE: 

ArK^!«r 3»sv W)e is being Kl<led to Ite <loaM. TMs redK^s tie 
immediate likelihood of larger explosive activity, but snmll, 

intemiitteat gas and ash poises may ccmtiime to occar. 

Apr«l2,19M 

1515 1«T; ERUFilON UPDATE: 

Seismicity, deformation and gas emissions at Mount St. Helens 
have retaxiied to low levels, indicating that the eraption that 
b^an CB 3/19/82 is over. 



and briefmgs with governmental agencies and private 
businesses (Miller and others, 1 98 1). Written "volcanic and 
seismic activity reports" were issued daily. These "daily 
apdates" provided information on the status of the volcano 
zad any significant changes or observations during the pre- 
vioas 24 houES. 

Since 1980, this notification system has been modifsed 
in response to changes in volcanic activity, funding, and the 
concerns of government, business, and the public. Key 
changes include the capability of issuing written predictions 
weeks in advance of most eruptions; eliminating the need for 
24-hottr <teQ' f<sr both USFS/ECC and CVO staff except 
wisen sm^ms are mwamt, m%&rm% all predictions and 
ap<Mes into a -coffipater ^wws" system for easy review by 
those on the call-down list; updating volcanic activity reports 
aiKJ mfoms^m tapes weekly or moatMy (rather than daily) 
wfeeii tf^ volcano is quiet; and, mmk wxxa&Hy, developing a 
seismic alarm to alert sdojtists to mtsM. eve^ ttiat oecor 
witlioat precarsors. 

NOTIFICATION BEFORE AND DURING 
EVENTS WITH PRECURSORS 

Since May 18, 1980, 21 magmatic eruptions have 
oojujTed at Mount St Hd[«is; 5 were predominaufly explo- 
sive, and 16 were predominantly non-expiosive, dome- 
building eruptions. Several eruptions involved both explo- 
sive atKi (te^iHiiMfeg a«iviQr. He h&t ma^taatic mi|^cm 
was a doese-building eruption in October 1986. Scientists at 
CVO m Vancouver, Wash., and at the University of Wash- 
ingtm (UW) (j<x>|*ysks Program in Seal^ were abk ta 
predict most of these eruptions based on evaluation and 
interpretation of data from an extensive monitoring network 
(Svrais<Hi and otiKsrs, 1985). Initially, fiiese predictions were 
issued as verbal statements, but, after December 1980, they 
were issued as written statements. Both types of statements 
were distributed by the USPS through the ECC. 



Tabte 2. Examples of "daily x^<Ms&" about Mount St Helens 
issued by CVO aiui UW after die March 15, 1982, adviS<Hy and 
beffflte Uk Mars* 19, 1982, alert. 

fCVO, Cs$adM Votcmo Ckmarmtef, UW, Vfuutt^ «f Wai^iBSi^; PST, Padik 



0800 PST: 

Geologists and hydxologists from the Geoiogicai StJrvey 
perftra^ oa-site aoafera^ m mi mmd Mount St Helens 
on March 15, 1982. Measurenrats showed accelerated rates of 
ground deformation on ftrusts and cracks in the crater. 
University of Washiagtoa-USGS reports seismicity remains at 
a slight increase over the wedcraid's activiQ'. Shallow 
eax^Kiaajtes ccsilmiK at a n»xknt£e rate (see Mamt St Hekns 

Advisory, 7:00 pjn., March 15, 1982). 

Mar<A17,l982 

am mi: 

Good v/ess&tis: pernatted oa-sate mraaitaEiBg in aod a-oand 
Mdfflil St Helens by geoI<^s*s and hydrologists of the U.S. 
Geblbpcal Survey. Kieasufements showed continued 
acceleration of ground deformation localized around the lava 
dome. Overflights of the volcano the last two days have shown 
an kntease in tbe nmsiber of incaEnde^ei^ areas on &e &3m. 
University' of Washin^<»-USGS reports sexsamSy reaaias at 
a moderate rate. 

ContiniKd good weaflier enabled msmbxmg to be carri«l out 
is fee crater of Motmt St Helens for the tMrd day in a rem. 
Measurements perfonned by geologists from Cic U.S. 
Geological Survey watSKwd to document accelerating ground 
^teiatfcm rat^. Akbom ^ SKmitorii^ arousd fee volcano 
during the past several days has shown that a m.odcratc increase 
in the rate of SO2 eraissions has occurred. Tne University of 
Washington-USGS seismic lab reports a slight increase in the 
level of seismicitv' over that of yesterday, but it still car. be 
described as a moderate level. 



For most eniptitms, a series of statements was issued 
(table 1), usu^ beginning with an "extended outlook 
advisoiy" piedictiag an mi^m within several wedks. As 
the levels of precursory activity increased, the predicted 
eruption window was fine-tuned to days or hours, and 
"erii^lioa adviscaies" sM "eraptiba atets" w«« isssed. 
After an eruption began, factual statements were issued 
regarding the character and effects of the eruption, and, 
finally, a statement was issued declaring the empticm to be 
over. The "daily updates" and information tapes for the 
public and media provided additional information on a daily 
basis (table 2). 

If the ECC and CVO, in Vancouver, and the UW 
seismic laboratory, in Seattle, were not already staffed on a 
24-hour h&^s when an "MtJ{^<M» adviscsy" was issi;^. 
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24-h<»r 6nty was mitiated. USPS, CVO, and UW personnel 
were ready to respond to rapid changes in the level of 
volcaasc activity aad to answer qsestions and discuss spe- 
cilSc concerns. Because it was aot always possible to dete-- 
mltie whether there would be explosive activity during an 
enqjtion, there were regular discussions among tire Federal 
Aviation Administr^<Hi (FAA), Nati<ml Oceanogra|*ic 
and Atmospheric Administration (NOAA), National 
Weather Service (NWS), USFS/ECC, and CVO personnel 
r^arding the possibility ash piames aad flidr prdjable 
trajectories. CVO and the USPS reported suspected ash- 
producing events to the FAA as quickly as possible, and the 
FAA caEed the BCC c«r CVO to ccmfinn all plot tepcm. 
Initially the FAA was contacted at the local Portland, Oreg., 
area office; however, by the mid-I980's most contact with 
the FAA was made direcdy with Hie ?e^ic«ial FAA office in 
Aid>Bm, Wash. Qiismteiy and Mkinson, this votame). 

NOTIFICATION DURING AND AFTEE 
EVENTS WITHOUT PRECURSORS 

Betweai 1980 and 1986, hatidrals of small ash emis- 
sions ^so occarred. These snuaU events were known as gas 



and ash emissions or explosions, and they originated ftcm 
cracks and small vents on the dome aad sent plumes of steam 
and ash 500 ft (152 m) to 22,(XX> ft (6,706 m) ^ve the 
volcano. Hie mc^ vigcsoos ev^ats also ^pted showers of 
hot rock fragments from fte dbw, and sotm evarts ge^- 
ated small debris flows. 

Most of these events took place without recognized 
psrecursors, which made advanced warning of these events 

impossible. Verbal or written statements were issued to all 
concerned agencies after the larger or more visible events 
(table 3). If an event occurred during normal working hours, 
the ECC and CVO updated media and public information 
telephone tapes and contacted the FAA, emergency manage- 
ment officials, and others on the call-down list shcsrtly after 
the event. Because the seismic amplitude of these events was 
too small to trigger alarms on the UW State-wide network, 
sdeatists were often unaware (until ncamal woridng horns) 
of events thM occurred during non-working hcairs, hi.H«»t 
cases, ttis was aot a problem because these snail events 
w&e fceqsmt mmgh to goveraHKait ofBctals aad the pub- 
lic becane ^milist witi tkem. However, the FAA and ema:- 
gOicy management pereonnel occseionally needed to contact 
CVO for more infoimation after the larger events that may 



Table 3. Examples of statements issued by the CVO and UW after eruptive events at Mount St. Helens that occurred without precursors. 

[CVO, Ccs.scades Voiciffio Ob.sc.-\':;:ory; UW. University of Wasi-i.igton; ?DT. Pacific Daylight Time; ECC, e.T.crgcncy coordiBation ccnterj 



0930 PDT; DAILY UPDATES: 
IDistribttted by CVO comjwiter "nevw* qrastaa] 

IMveraty of WadsHi^Km-tJSGS isfxsts wafeaed iow-lCTd 

seismic activity. Small gas-emissioa events continsc to occur 
daily. The most recent event was at 0621 this morning, June 
18. Ihepteaerc^eto 12,000 ft. 

April 18, 1986 

1200 PDT; DAILY UPDATES: 
{IXstribMMd !^ GVO cac^fiastet "mws" sryHonj 

Since yesterday's report at 1300, there have been three more 
gas and ash emission events. The first occxirred at 1428 on the 
17ft and pcodwed a pitase to 14,000 ft (according to a local 
pilot). The seassS eve^ occarred at about 1 a.m. txxky. Minor 
ashfall from fltis event was reporlsd SE. of fte moantedn. Both 
of these events appeared to be slightly smaller (seisnaically) 
than the 1716 event on the 16th. The third event occmxed at 
1116 tod^ and was observed by geologists working in the 
crater and fiyii^ in an airplane around the mountain. The 
event appeared to be about the san^ size (seismicaily) at 
Yellow Rock as the 1716 event m the 16fii. Geologists 
reported that rock fragments were thrown on and around the 
dome. Tte ash -i^m^ rose to 14,CX)0 fl and later drifted higter 
and to the soafeeast. The event l^ted about 5 minutes 
seismicaiiy, w*'' the vig<H»as «iissi<m lasting Just under 2 
minutes. 



April 18, 1986— CoadBmal 

When crew first reacM the cate tMs araaing Shi^ vspc^sd a 
light dusting of tephra on the east and southeast flanks of the 
mountain, some tephra on the crater floor, lots of ejected 
material (rock fragments) on top of the dome, and lots of new 
sm>w in tkf cxater. A pit &!g in fte snow revealed f<Rir, thin 
(dispersed) ash layers from previous events. 

A new update will be issued on Monday unless there is 

agaficttt ^^ty ovar •weekeod. 

May 6.1986 

1300 PDT;, INF<mMTipH STATEJSpcr 

More than 50 steam and ash explosions have occurred on the 
ikmt at Mount SL Helens during the last 3 we&s. Seianicity 
has mcreased from slightly derated levels at the end of April to 
moderate levels today. Most n:oaitoring equipment on the 
dome has been damaged by the explosion and no longer 
operates. One remainmg tiitmeter on ihe Some slsows 
gmduaUy accdmling tilt (Xher deformation aemaeateais 
have been hampered by inclement weafeer, inaccessibility of 
the dome because of the explosions, and loss of many targets. 
Hazards from e)g>losions are most likely to be restricted to the 
crate and Ossks of Mount St. Heleass. However, small 
madflows cau^ by es^plosions in the cTEOer may flow into the 
Norfs Fork Toutle Riv«^ aw2 do^SRwiai from tlife ViCtemo 
may occasionally be dusted 'by $mBSk wKmts <rfasfc mk as has 
occurred recently. 
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have been visible to pilois or the public. This contact was 
made by callmg tie IISFS/KC telephone beeper sumber; 
the USPS, in turn, contacted the CVO duty scientist by 
telephone or through the beeper, if necessary. 

During 1989-91, at Imt six, mM, ash-fsodadag 
explosions occurred at McwBt St. Helens, ending a 3-year 
period during which ao«B3|«ive ^vity took place. Because 
none of Ae 1989-91 eicftesioiK had secc^zj^le ptecm- 
sors, they were not predkted, said no advance warnings wetc 
issued. The first of these asfi-poducing explosions (Decem- 
ber 7, 1989) occuTTKi ctomg Bcsmai workiag faoais; how- 
ever, the second explosion (January 6, 1990) occurred on a 
rainy Saturday morning, and scientists were unaware of the 
event until several hours later when residents of centrai 
Washington began reporting light dustings of ash on their 
cars. In fact, CVO was not immediately notified when ash 
began falling. Instead, calls from the public prompted the 
media to contact the Alaska Volcano Observatory (AVO) to 
see if the ash was from ongoiag activity at Redoubt Volcano, 
near Anchorage. AVO verified that the zsh was sot fsxm 
Redoubt and contacted CVO geoiopsts. 

RECENT MODIFICATIONS TO 
IMPROVE CVO'S RESPONSE TIME 

The delay in CVO's learning about the January 6, 1990, 
event, c«si|ded wife aiafe^d c(Kie«»is ab«tt tlie hazi^ of 

volcanic ash triggered by the Boeing 747 incident in Alaska 
on December 15, 1989 (Brantley, 1990), prompted CVO to 

well as large, volcanic eveaats. CVO itfso made a few 
adjustments in the notification and call-down procedures to 
Improve ccsnmusuci^m of hazards infcsmation dtmng mn- 
wc^iag h<ms. 

SEISMIC ALARM SYSTEM 

Because seisraicjly is oi^ of the mala tools used to 
m<»iJtor volcfflio^!, CVO and tfW maintain a netwra* of !8 
seismic stations withk 16 km of Mount St. Helens, including 
tese ^ati<«® m cmss, Hiese staiions provide a detailed 
rword of seismic activity at Moant St. Helens, includfeg 
earthquakes, tremor, rockfalls, explosions, and mudflows 
(Jonientz-Trisler and others, this volume). Most of these 
seismic events, including many of die small ash-producing 
explosions, are too small to record on the State-wide network 
at UW, However, the events cause significant local ground 
motions tfiat are detected on fiie Mmnt St. Heteis network 
by the CVO real-time seismic-amplitude monitoring system 
(RSAM) as peaks in the time-averaged seismic amplitude 
(BndoandMarray, 1991). 

An RSAM-based seismic-alarm system was developed 
and installed for testing 2 days after the January 6, 1990, 
event and was fuly funcdiona! by ti» md of Feisruary 1990. 



Table 4. RSAM alarms that have been triggered at Mount St. 
Hekss bdiween March 1, 1990, and Se|«n>ber 20, 199!. 



T>yeofevm Nwnber of shims 

ExpIosion-Iike seismic events^ 16 

RockMIs (some with dust plumes) 22 

Mount St Hekns earthqu^as 1 

Regional earthquakes 12 

Telemetry problenis 6 



' Fow of iiese events had ccs^smed a* plumes. 

With the RSAM system, a coaijmter program osnpaies fiie 
amplitude of a station's average seismic signal during a 
1 -minute interval with empirically determined threshold 
values. If thresholds are exceeded during die same l-minute 
interval at several (usually three) of tie stations in the crater 
and on the volcano flanks, an RSAM alert is generated. The 
computer is set to automatically dial the duty scientist's 
24-k»M' beefSar aM trassmit a number code indicating an 
RSiAM'Asrt. :He computer redials the cvsxy time a 

new I-minute RSAM alert is generated. 

Many types of events, incloding explosions, rockfalls, 
earthquakes, and telemetry problems, can generate alerts 
(table 4). Because an alert does not indicate the nature of the 
event, die duty scientist must exarnine ihe seismic signature 
of the event recorded on the seismographs at CVO to deter- 
mine the basis for the alert. Explosion signals can usually be 
iteitlfied by carefiil evaJu^tm of the signal character 
(Jonientz-Trisler and others, this volume). Once an alert is 
received, the speed with which notification is issued will 
depend on ifte time it takes f<x the duty scientist to reach 
CVO and the scaastist's ^ill at leosgaizing explasian sig- 
nals (table 5). 

To date, all known ash-|:s-odacing explosions since 
March 1, 1990, have generated alerts. However, failure of 
any component (key seismic stations, computer, computer 
pK^rams, ^iimet sy^m, beeper, or bee|^-p^er system) 
would prevent an alert from getting through. As a precau- 
ioa, a daily test alert is sect through the system to the 
beeper. 

BETIER TWO-WAY COMMUHICAltCM 

When ash-producing explosions occur during non- 
working hours, the FAA needs a means of quickly contact- 
ing CVO without the cumbersome and time-consuming pro- 
cess of fet calling ^ USPS l»eper. Hlots often are fte iSrst 
to observe volcanic plumes; however, sometimes slash- 
burns, storm clouds, or other atmospheric phenomena are 
mistaken fcr voicank ptomes. When a pilot's report of vol- 
canic activity is received (Fox, this volume), the FAA must 
quickly verify tiie nature of the event and identify the area 
affected m onkr to evaluate ijhe impact oa ak tntffic md to 



212 



vaLx:::AHic ash and aviation safety: proceedings, hrst international symposium 



TsSnUS. E)cai)G^eof imtialCVOiiesjKmsetoaseisnuceventtot 
occaned witiKHa p8XBFS<as daring aigJjKime, November 5, 1990. 

K3V0» Cascades Vo!ca«><SMwrwtoty; PST, Pacific StaadaRtTaneiRSAM. real-ame 
sgiemis-m^&a>& mamomtg s^smn; UW, Uaivasty Was^^tCHi. Ntae: ibis was 



Tim© 

(?^T) 

02ff7 •Seismic event began. 

CKiOS 'RSAM alert transmitted to beeper. 

0209-0217 •Nine more RSAM alerts are transmitted to 

b^per. Scientist on duty awake, 
4xe^ed, and ea rcarte to CVO by fourtli 
alert 

022Q~(X229 'Daty scientist arrives at CVO. 

•Seismic signal evaluated. 

•Scieatist-in-charge notified sn home — 
assistance requested. 

•UW seismic analyst notified at home. 

•FAA area manager, Seattle Center, calls 
witli two pilot reports of plume to 
30,000 ft. He gives wind direction and 
i^PfSed at altitude mi states Chat plume 
will drift SE. Note: CVO duty scientist 
was dialing the FAA on one phone line 
when she received the FAA's call on 
sfixond phone line. 

^230-0239 •F<»e^ Service oiftca- aerified at 

home — 3ssii^sace liecpestol 

•UW updated on sdtaaticm — as&^BOse 
requested. 

dQM •QcaitoM.aalHaaKa.m^^ 



suggest alternate routes if necessary (Hamiey and Parkinson, 
this volume). By dialing the CVO beeper number, the FAA 
can mw make direct oMtact, day <x nigla, with sh« CVO 
duty scientist. This change provides rapid verification of 
piiot rqpwts and backup notification for CVO in case the 
RSAM alarm system fiis. 



Dissemination of information through normal USPS 
channels may also be delayed if CVO should need to contact 
the USPS by beeper. To assure that the FAA aatdi NOAA »e 
faiai^ately notified of asy ash-pjx)dw5iag event, tfces? 
coBt^^ dkectly by CVO as sooo 2S fee sigsd is ideatiied. 
If the USPS is delayed in responding to their beeper, CVO 
wii initiate farther call-down by notifying &e WasfctiafEon 
E^artment erf Bnergency Managemeaat aud oiions as 
needed. 

CONCLUSIONS 

The development of notification and call-down proce- 
dures utilized by CVO and USPS at Mount St. Hdeas |»o- 
vides a means for rapid response to both predicted and ncm- 
predicted events. Although the procedures have worked in 
the past, they have been reguiarly reviewed and updated to 
reflect changes in She style and ficeqaency of enipticats and to 
meet the changing needs and concerns of eii^igaicy- 
response agencies, businesses, and the public. 
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ABSTBACT 

la Japan, 21 cases of volcanic ash encounters by drcr^ 
were reported betwe^ 1973 and I^ . Mwe ttian half of 
these encounters were with ash clouds produced by eruptions 
of Sakurajima Volcano, Souto Kyu&hu. Japan Air Lines 
(JAL) and Sakurajima Volcaeological Oijservatory, Kyoto 
University (SVO) developed the volcano watching system 
(VWS) to mitigate the volcanic ash hazards to aircraft in the 
vicinity of Sakurajima Vdcano. Tfie sy^eaa functions in all 
wather conditions and alerts flight dispatchers at 
Kagoshima International Aiqxjrt without delay. It has been 
dtepicfed at the JAL office at Kagoshima Airport since 
March 1991. 

Between Agril 1 and May 31, 1991, 159 explosive 
«sni|^ns took plaMs at Sdkurajima Vdcmio. Tiit VWS 
system was operating at the time of eruption in 56 cases — ^it 
judged 49 cases as "explosive eruptions" and 7 cases as 
"en^^icHis." Tte agreaaent ratio of l&e ^stem with liie 
ot^ocvs^cms for titis torn is 88 pment. 



COUNTERMEASURES TO 
VOLCANIC ASH HAZARDS TO 
AVIATION IN JAPAN 

There are 83 active volcanoes and approximately 80 
airports for civil aviation in Japan (fig. 1). On an average, 
six TOlcasoes erupt eadi yea. Tw«aity-one cases of volcanic 
a;* ffiBCCRiatere by diwaft wore fefxxrted between 1973 and 
1^1 (^le I). The records ^u>w tasi. most of fee datnage 
was to fee exterior of aircrafi, including wind^SMds — -to 
date, no damage to atgines has been reported. 

The Japan Meteorological Agency (IMA) constantly 
wa^es 19 volcanoes by monitoring volcanic smoke, seis- 
mic evasts and Mt changes, and by field obsavation. JMA 
issB^ slgni&attt jEtK^»ologjtcad ;s«ivis<xy isformiat<» 



126" 134° 138* U2» 146" 



44' 



4P 



38" 



32" 



28" 



24" — . ■ .' 

figsre 1. Locations of ac^ve volcanoes asid aifpoits i(x dvii 
avjjdon in Jaj«n. Solid triangles and open circles represent active 
volcaaoes asad dvii airports, respectively. S, Sakurajima Volcano; 
K, KagosbirBa l!itenati(»!al Ai^pcnt. 

(SIGMETs) concerning en-route weather phenomena that 
may affect the safety of aircraft operation. In iie case of vol- 
canic activity, when volcanic ash reaches an altitude of 
25,000 ft above sea level, JMA issues a SIGMET and a 
"volcanic observation" report, which includes the name of 
the volcmo and the time of eruption, as well as any addi- 
tional information available about (fee activity. The eruption 
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Table 1. Effects on aircraft caused by volcanic eruptions in Japan. 



iJSZC 


Volcano 




Aircraft 




2/3/73 


Asam 




DCS 




4/W5 




KagoAima 


LlOll 


Itemage on wmas&dd, ^ 


8/7/77 


Usa 


Chitose 


DCS 


Damage on windshield. 




Usa 


Chdtose 


DCS 


Damage on windshield 


8/7/77 


Usu 


Chitose 


LlOll 


Damage on windshield. 


yim 


S^aarajjosa 


K^osiubma 


LlOll 


Dama^ m wjndssbield. 


1 1/I9/77 


Sakarajfim 




DCS 


Damage on wsdMSd. 


iiiisni 


Sakxirajima 


Kagoshdma 


Lion 


Damage on wmdsmeld." 


12/4/78 


Sakurajima 


Kagoshima 


LlOll 


Damage on windshield. ^ 


1 1/18/79 


Sakurajima 


KagosMma 


Lion 


Damage on windshield. ^ 


11/18/79 


Sakumjima 


Kagoshima 


i.1011 


Dasia^ <^ wijKisldeM. ^ 


12/24/79 


Sakurajima 


Kagoshima 




Dains^e on •wmdaueld. ' 




oajcurajima 


Kagoshima 




Damage on windshield. ^ 


6/24/86 


Sakurajima 


Kagoshima 


DC9 


Damage on windshield. 


1im/86 


Izu-Oshima 


Narita 


B747 


Spark vras fomd on windshield. 


IWI/86 


Izsa-Oshima 


Narita 


DCS 


Vokanic a;^ (tebris found on windshifild 


11/21/86 


feu-Oshima 


Narita 


DCIO 


Abrasion on leading edge flap and stabilizer. 


11/21/86 


Izsi-Oshima 


Narita 


B747 


Damage on windshield. 


6/3/91 


Sakurajima 


Miyazaki 


MD80 


Some damage on foselage.^ 


mB\ 






A3O0 




8/5/91 


Saloa-ajinaa 




B737 





lyosl3itama(1984). 

2 T.J. CiB^devaU (wr^ten cchhbkbi., 1991). 



information is passed on immediately by IMA to the respon- 
sible air traffic control center (ATC) and to airline compa- 
nies (fig. 2). 

Airlines restrict their flights in ash-contaminated areas. 
Flight dispatchers prepare prediction charts of possible air- 
S|KK« contamins^ by vc^teaaic ash, and, Oio Ms diart, they 
plot the latest opper-level wind data over the volcano to pre- 
dict beforehand the hazardous area for the day. The chart is 
refewed to by pilcte disp^Se« in pre-f!ight Wefings 
mi by dispatchers for flight advisories to pilots. 

ATC provides every possible service to pilots when 
avoidance of ash is required. For exmipie, ATC at 
Kagoshima approves any heading or altitude requests by 
pilots when circumstances permit and when they request 
them with the tmn "due to voksmio ash." Special contin- 
gency avoidance routes are established in iIk wisaty of 
active volcanoes (Yoshitama, 1984). 



SAKURAJIMA VOLCANO AND 
KAGOSHIMA AIRPORT 

More than half of the incidents involving volcanic ash 
and aircraft in Japan were reported in the vicinity of Sakura- 
jima Volcano, South Kyushu (table i). The present eruptive 
activity si Sakur^ima Volcano is from the summit crater and 
cnmtnatced m 1955. &(plc»ive enii^iotis from the volcano 
are of ^ Vukanian type (Self and Walkes', this volume) and 



are accompanied by explosion earthquakes and remarkable 
eruptive phenomena, such as strong air-shocks, lightning, 
and file ejection of volcanic bombs and large amc^ittts of ash 
(fig. 3). The number of the explosive eruptions between 
1955 and 1991 was 6,360. On average, more than 100 explo- 
doijs occmaxd each year, aad vx>i8imes of e.^cted ash wese 
estimated be 5-30 million metric tons annually (fig. 4). 

Kagoshima International Airport is one of the eight 
busiest airpcwts in Japan, with more ftan 130 takeoffs and 

landings per day. Operations are mostly during day time. 
The airport is located 25 km north of Sakurajima Volcano 
(fig. 5). The volcanic ash clouds ejected by die explosive 
eruptions have frequently reached 3,0(X) m above the summit 
crater (1,118 m). Tlse normal operating altitude of arriving 
aircraft in this area is between approximately 500 m above 
and 800 m below the summit. Thus, around the airport, sev- 
eral avoidance routes have been established to prevent air- 
craft fix>m encountering ash clouds (fig. 6). The rcwte 
selecticai is mainly made by dispatchers. 

The Kagoshima Local Meteorological Observatory 
(KLMO) of JMA, located in Kagoshima City approximately 
10 km west of the crater (fig. 5), uses special procedures in 
rqwrtjng explosions at S^urajima Volcano to ATC and air- 
fines with a view to minimijang the delay in reporting. These 
include the use of a video camera at KLMO that produces a 
real-time image of the voicjuiq^feat is transmitted to^ ATC 
Kagoshima Inten)a^<»)al AiipcMrt. Howevor, because of tl»s 
pwximity of the airport to *e volcano, even less delay in 
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Figure 2. Flow of information concerning volcanic activity. 
ATC, air traffic controi; VO, volcano observation; SV, seismic 
report; VR. volcano report, ADESS, automated data editing and 
switching system; SIGMET, information concerning en-route 
weather phenomena that may affect the safety of aircraft operation; 
AIREP, air report; SEXX7 1 , header for message containing AIREP 
on volcanic activity; SEXX72, header for message containing vol- 
canic ash information. 



notification of explosions was required for promoting safe 
operations in darkness or under reduced visibility. This is the 
reason Japan Airlines and Sakurajima Volcanoiogicai 
Observatory have joined together to develop new counter- 
measures at Kagoshima International Airport for volcanic 
eruptions. 



VOLCANO WATCHING SYSTEM 

The volcano watching system (VWS) developed Jointly 
by JAL and SVO was designed to achieve the following 
objectives: 



1. 



2. 



To detect the explosive eruptions at Sakurajima Vol- 
cano without fail in all weather conditions during 
both day and night, and 

To immediately notify dispatchers at the airport when 
an explosive event is detected. 




Figure 3. Photograph of a typical explosive eruption at Sakuraji- 
ma Volcano (13:4.2, May 17, 1976). 

Both of these objectives are essential to keep flight opera- 
tions safe in the vicinity of active volcanoes. 

The fundamental function of the system is to distin- 
guish those events that are related to explosive, ash-produc- 
ing eruptions from several types of volcanic earthquakes, 
which are not necessarily related to ash-producing eruptions. 
Volcanic earthquakes and tremors originated at Sakurajima 
Volcano are classified into five categories (Ishihara, 1988). 
These are A-type earthquakes, B-type earthquakes 
(Minakami, 1974), explosion earthquakes, C-type tremors, 
and D'-type tremors. An A-type earthquake is similar to a 
tectonic earthquake and consists predominantly of high-fre- 
quency seismic waves (> 8 Hz). B-type earthquakes are 
dominated by lower frequency signals, generally less than 5 
Hz (McNutt, 1986). B-type earthquakes at Sakurajima Vol- 
cano are classified into BL and BH types, whose dominant 
frequencies are 1-3 Hz and 5-8 Hz, respectively (Iguchi, 
1989). Explosion earthquakes are accompanied by remark- 
able eruptive phenomena, such as strong air-shocks, ejection 
of volcanic bombs and large amounts of ash. C-type seismic 
activity is a kind of volcanic tremor composed of harmonic 
wave trains, and D'-type seismic activity is a non-harmonic 
tremor. 

Explosion earthquakes are accompanied by explosive 
eruptions, and the amplitudes of explosion earthquakes and 
their associated infrasonic waves are greater than those of 
other types of volcanic earthquakes. The maximum ampli- 
tudes of explosion earthquakes and air-shocks range from 
3x10"^ to 3x10"- cm/s and from 0.1 to 5 mb, respectively 
(Iguchi and Ishihara, 1990). The reduced displacements 
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Figure 4. A, Annual numbers of explosive eruptions at Sakurajima Volcano between 1955 and 1991 (1992 represents data current as of 
June 1, 1991). B, The estimated amoant of volcanic ash oniaed from the summit crater of Sakurajima between 1978 and 1991 (1991 
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130°45*£. 




Figure 5. Loc^<« of Sateiapma Vofcaiw and KagosMma 

International Airport. SVO, Sakurajima Volcanological Observato- 
ry of Kyoto University; KLMO, BCagosMma Local Meteorological 
Observatory of Japan Meteorologicai Agency; JAL observation ate, 
Japan Air lines observatory. 



(McNutt, 1992) of explosion earthquakes jseesfe^ed to be 
50-500 cm^. BL-typc mi D'-type tt«ffiors are also a^oci- 
3ted wtt mi^ve ^mwmiz at the cr^w, and coattsa^is 
emission of volcanic ash and intermittent e^tios of voka- 
nic bombs are frequently observed to accompany these 
earthquake types (Ishihara and Iguchi, 1990). The maximum 
amplitudes of earthquakes and air-shocks associated wift 
BL-type and D'-type events are < 7x10"^ cm/s (reduced dis- 
placement < 60 cm-) and < 0.1 mb, respectively, and are 
smaller than those of explosive eraptioss (Iguchi and Ishi- 
hara, 1990). On the other hand, .A-type and BH-type earth- 
quakes are not accompanied by eruptive activity, and no air- 
^K3dks asaxi^ed wi& &xem Mve ctetecte«l 

The visual observation of eruptive phenomena at the 
summit is strongly affected by weather conditions. How- 
ever, earthqa^ra aisd:=air-^o^ai»€®B&uousiy moniKsred 
by instruments. SVO defines explosive eraptions by fee 
maximiim amplitudes of expic»iOQ eaibqoakes md air* 
Shocks. It is possible to disfeiipiish m explosive eruption 
&om the other types of volcanic events by the absolute 
amplitudes of earthquakes and air-shocks and by the spoitta 
<rf the eartfejuaiMS. Tbe system propc^ediatepa^ lacH*- 
itors both earthquakes and air-shocks and judges whelli« or 
not explosive eruptions have occurred. 
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EXPLANATION 

Normal route 

Ash cloud avoidance route. Distance 
between points, in nautical miles, 
is shown 



Figure 6. Nonsal and avoidance roates around Kagosfaima Air- 
port. Avoidance routes have been established to prevent aircraft 
from encountering ash clouds. Open triangles, wayposnts; open 
circles, towns; solid triangle, SaJcurajima Volcano. 




SAKURAJIMA 



Figure 7. Block diagram of the overall observation system 
developed by JAL (Japan Air Lines) and SVO (Sakurajima Volca- 
nological Observatory). 



HARDWARE 

The overall monitoring system is shown in figure 7 and 
comprises an observation site at Sakurajima, 4 km east of the 
summit crater (figs. 5 and 8), with data processing at the JAL 
office at Kagoshima International Airport. At the observa- 
tion site, a three-component seismometer and an infrasonic 
microphone are installed. The seismometer comprises up- 
down, north-south and east- west components and has a fre- 
quency range of 1-30 Hz and a sensitivity of 2 V/cm/s. The 
microphone detects infrasonic waves in the range from 0.02 
to 100 Hz. Volcanic earthquakes and air-shocks generated 
by volcanic eruptions are observed by the seismometer and 
the infrasonic microphone, respectively. These signals are 
constantly transmitted to the airport by commercial tele- 
phone line. At the airport, these signals are transferred from 
the receiver of the telemetering system to a personal com- 
puter. The computer process the signals and issues alarms 
according to the seismic and eruptive activity. The total cost 
to install this system was approximately $400,000. Annual 
operating costs are $20,000. 




Figure 8. Photograph of Japan Air Lines observation site at 
Sakurajima Volcano. 

DATA PROCESSING 

The data processing flow chart is shown in figure 9. The 
computer monitors amplitudes of seismic and infrasonic 
waves by digitizing 40 samples per second. When the 
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figtiit 9. Dm pocessBig flow chart to detett voicanic explo- 
sions at Sakuiajima VoIcaiKX CRT, cafljode ray tube. 

amplitB&e of d« seismic wave exceeds the preest^lisied 
threshold level (O.lxIO"^ cm/s ), the computer judges that a 
seismic eveat has occurred. According to the levels of the 
infrasonic v/aves assodated-wittttewmtm^ 
the seismic wave, the computer categorizes the events into 
"explosive eruptions," "eruptioas," and "aon-eruptions." 

''Eruptions" correspond to the ge0eration of BL-type 
eartfepakes or D'-type tremors and are accamfwiW with 
weak infrasonic waves and slow, sometimes continuous, 
low-levei ejection of volcanic ash. "Noa-eraptiojis" mean 
no remarlabie ciimge of eruptive activ^ ^bove the crata, 
and they correspond to generation of A-type or BH-type 
earthquakes at the volcano or to tectonic earthquakes outside 
tie »ea of Sakuiajizna Volcano. 

After detection of evMjts, Ae computer analyze the 

spectra of the waveforms. When the dominant frequency is 
lower than 2 Hz and the level of infrasonic wave is beyond 
^ level 0)13 rah), fee cmpalw j^ges^ iiM- sefemc 
event was associated with an "explosive eruption" and issues 
a "warning", which appears on the computer monitor with 
biiddag teA c<rfor arsd iAssm sounds. If i» <fca3aisaat fie- 
quency is between 2 Hz and 5 Hz, the computer judges that 
an "eruption" has occurred ^d issues an alarm "caution" 
witb Minking yellow colw. When the dominant ftequescy 
exceeds 5 Hz, the computer interprets that A-type or BH-type 
effl<h<|aalces or tectonic earthquakes have occurred — ^these 
are axcm^eRkd by no RsnatkaWe aruptive phen<»iHHia. 



DI^ATCmR^S ACTION 

The dispatcher at the JAL office at Kagoshima Airport 
passes the eruption infoimatioa to pilots as soon as the sys- 
tem is«ies a "warning" or a "caution." Based on both the 
upper-level wind and visibility, which have a critical affect 
on the dispateher's recommendations, the dispatcher recom- 
mends one of the following ^visodes to aiiciaft m homd to 
Kagoshima Airport: 

1 . Divert to alternate airport, 

2. Hold over suitable holding position and wait for fur- 
ther information, 

3. Select contingency or alternate arrival route and con- 
tinue appro^h, or 

4. Sehct normal arrival rouU; and continue approach. 



ITje sys^^m has he&n deployed st the JAL oflce ^ 
KagosMma Airport since March 1991 . A set of records of an 
explosion earthquake and an air-shock observed by the sys- 
tem is shown in figure 10. Note ftat the explosion earthquake 

has an emergent onset. The record of the infrasonic micro- 
phone shows that the air-shock arrived 10.4 s after the onset 
of ^ exf^osion earthqu^&e. GtoiukI motions excit»l by 
adr-siiock were recorded in tite sdsffiic^CTns, «a|>£«ialfy in 
iie (^t-west component 

Here, we evaluate liiie com^^ndence of ^ jadgmffint 
by the VWS system to actual explosive eruptions using the 
classification criteria by KLMO. As mentioned earlier, the 
Sakurajima Volcanological Observatory has different crite- 
ria from JMA-KLMO for recognizing explosive eruptions. 
SVO criteria are based on the voicanic earthquakes and 
afrasonic waves that can be continuously measured and 
does not include visual observation. He critsia of 
JMA-KLMO includes visual observation, as wdl as use 
seismic reccadiags to dtstis^aish expl<»ive «ratpti<Mas. F<x 
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Figure 10. Recording of an explosion earthquake and an air- 
shock obtained by the system. Upper three traces represent east- 
west, north-south, and up-down components of seismograms, 
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the purpose of detecting an ash-producing explosive erap- 
ioB, tie JMA-KLMO mteria are used here. Thete is geno"- 
ally excdfcnt ccst^mSemct (± 10 percent) in ti» iKniri^m 
of explosion earthtpsdces d^araiaol by SVO and KI^O 
criteda. 

Erom Apil 1 to May 3!, 199!, 59 explosive eraptions 
occurred. The system was operating at the time of the erup- 
tions in 56 cases but not for the other 3, due to unscheduled 
octage of tbc system for mmtetmoe. Of fee 56 cases, the 
JAL system judged 49 cases as "explosive eraptions" and 7 
as "eruptions." Tbe agreement ratio of the system wifli 
observations by JMA for ftis period is 8$ p«ctnt. 

The seven cases, which were categorized as different 
types of activity by the respective definitions of the JMA and 
JAL sj^teois, w»e recor(fed vrftfa a smal! air-shock, at or less 
than 0.13 mb, on both JMA and JAL equipment. On the 
other hand, fee JAL system recorded 15 more cases of 
"expl<»ive «auptions*' than JMA. Ihis is again due to Ihe 
rather small explosive eruptions that are just above the 
threshold level that is considered to be acceptable for these 
types erf waniiag system. 

The small problfflnss we are aware of on this system mq 
as follows; 

L During scheduled maintenance (twice a year) of thh 
system, we do not obtain data for a couple of hours, 

2. Gusty winds associated with typhoons cause nuisance 
warnings or false alarms, and 

3. Non-explosive eroi^ons with small m^itades are 
not always dk^ected. 

coNCLUsaroNS 

The results of field tes^g of this ^stem in 1991 dem- 
aistrate that this system has the capability of (1) detecting 
explosive eruptions of Sakurajima Volcano in all weather 
conditions 24 Ikwts a <fey, and (2) Verting tJffi auriine dis- 
patcher, without time delay. 

The operation of the volcano watching system suggests 
that this is an dfective countermeasure to help to r^uce 
li^ from volcanic ash in areas near airports close to active 
volcanoes. In the future, JAL hopes to include a program to 
calculate difSasion of volcanic ash based on metsxsrologicsi 
data. Hie program far tihe simalati<» will be designed to 



aatomaticaily start when explosive eruptions axe detected 
and followed by "caution" or "warning" signals. 
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volcank: ash warnings in the 
australian region 

By Rodney J. Potts and Frank Whitby 



ABSTRACT 

As pm of its njutine op«atioiis, the Aa^raliaa Bwesaj 
of Meteorology provides warnings to the aviation industry 
for volcanic ash clouds over the Australian region and the 
r^ioa to she near north. TMs service is provided in sc&x- 
dance with international procedures that have been estab- 
lished in recent years. The warnings define the area of the 
cloud, fte clc»d top, and Ite ftsec^t xnovemmt of fee 
clotid — ^these warnings are based on notiScation of a 
volcanic eruption, satellite imagery, and upper-level wind 
analyses. The high frequency of tenderstorias in the equa- 
torial regions north of Australia often makes identification of 
volcanic ash clouds difficult. Multispectral infrared data in 
tie ^toosfteic wiB&>w Te0m, avaiyWe frcm NM<mi^ 
Oceanic and Atmospheric Administration polar-orbiting 
satellites, have been beneficial for discriminating ash clouds 
fean water/ice clouds. The Bureau of Metetrology is 
orareatly installing an advanced very high resolution radi- 
ometer antenna in Darwin, which will give coverage over the 
volcanically active Indonesian region; the operational utility 
of AVHRR data for voicaaic ash detection will be evaluated. 



lOTROMJCHON 

As |Mrt of its roatiae operadons, fee Aiis&ralian Bureau 

of Meteorology (BOM) provides warnings to the aviation 
industry for volcanic ash clouds over the Australian region 
and fte region to tite near norfe. This service has been an 
important component of Bureau operations since its intro- 
duction in 1982 when two Boeing 747 aircraft encountered 
volcanic adi from O^unggung Vokano in foion^a {Hfem- 
strum and Watson, 1983). Both aircraft suffered engine 
failure and severe damage to wings and fuselage and were 
fcxceS to m^e osergency landings at lakaria. 

Although there are no active volcanoes within Austra- 
lia, there are many throughout the surrounding islands to the 



north (fig. 1). Most aircraft flights into and out of Australia 
overfly these areas, often at nightOme, and the likelihood of 
an encounter with a volcanic ash clcxjd presents a serious, 
albeit relatively infrequent, hazard for aircraft operations 
(Johnsaa and Casadevall, this volume). The greatest threat to 
afacraft ari^ firran Hinian eraptioBS, which eject large 
amounts of finely divided rock particles (known as volcanic 
asb) and gases high into the atmosphere (Heiken, this 
vdwae; Self mi W^«-, feis votoro). The evolution of fee 
ash cloud following a Piinian eruption can be divided into 
two stages: the eruption or nascent cloud stage immediately 
following fee eruption and the dispersed cloud stage ^Prata, 
1989a; Sparks and others, this volume). During the latter 
stage, the ash cioud will be dispersed by prevailing winds 
aiid rock ^rtc!^ wffl setafle graiustfly to the ground. If the 
ash cloud extends over a significant depth, the cloud at 
different levels may be spread in different directions. 
AIfe<^^ iie ash may di^pei^ and s^e, a hazaj^ for air- 
craft may exist for some time from sulfurous clouds, which 
can be carried great distances by the prevailing wind. Even- 
tsiaily, fee sdi and ^s» will be dl^^rsed md diluted until 
feere is no longer a significant hazard to aircraft. 

Piinian eruptions can be observed on visible and infra- 
r«J ^tdlite imagery, and it Is possible to define fee 
horizontal and vertical extent of the resultant ash cioud 
(Sawada, feis voltme; Schneider sM Rose, feis volume). 
Wkh c<»Jsidte^i<HJ of fee upper winds, it is ferfeer pcssible 
to determine the direction in which the cloud will be 
dispersed. Hanstram and Watson (1983), Matscai (1984), 
Prata amd ofeers (1985), and Malingreau and KaswaiKk 
(1986) all describe cases where satellite imagery and upper- 
level wind data have been used f« estimating the ioc^n 
sM movement of vdcahic ash clouds. The technique 
described in these reports are used in the operational warning 
service currently provided by BOM. IMs p^>er describes 
feis warning servke and di»:Qsses fee opemioa&l px^teis 
associated wife fee service, &}gefe«r m& propc^jds for fee 
future. 
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Figure 1. Active volcanoes in the Indoaesia-Pjpa New Guinea region to the north of Ausfiraia. SoMd triangles represent volcanoes with 
lilstcsical eruptive activi^jr. 



THE VOLCANIC ASH CLOUD 
WARNING SYSTEM 

Meteorological services for aviation axe provided under 
guidelines established in joint consultations between the 
World Meteorological Organization (WMC3) and the Inter- 
national Civil Aviation Organization (ICAO) (Fox, this 
volume). In ^ordance with international agreemest, mete- 
orological forecast and warning services are provided by the 
meteorological authority within the sovereign state responsi- 
ble for the flight-iaforiBatioR region (HR). From time to 
titee, ^^danis and recOTaii€aKfexi|S'«:tis»s foriiepiovM<sa 
of meteorological services for aviaJioa are jeviewed bc^ at 
ti(^ional and international levels. 

Warnings for hazardous weather or significant meteo- 
K>!<^ic^ pheaomeaa are gener^y provided in iie form of a 
sigsifscant meteorological advisory (SIGMET) issued by the 
m^eoroiogical authority responsible for the FIR. The SIG- 
Mi^'is valid 'fw a'per«xi of 4 or 6 hcwre ai»d incltid^ infor- 
mation on the nature of tite hsassdsm weather, the location 
or area affected, and the foijeca^ trad. Such waitings are 
psKsed rafsdly to ak traffic control aothorit^ airarasft, and 
oKteorological offices in adjacent areas. Weather phenom- 
ena for which a SIGMET will be issued include active thun- 
derstorms, tropical cyclone, severe turbuieace, severe icing, 
severe mountain waves, and volcanic ash clouds. Following 
the aircraft incidents over Indonesia in 1982, volcanic ash 
cloudb w«re iiK^d^ as a fAeiwxnena fw vsHhich a SIGMET 
is to be issued. 



Within the Australian, region the re^xaisitrie Bureau of 
Meteorology (BOM) Regional Forecasting Center (RFC) 
will issue a SIGMET if a volcanic ash cloud enters Austra- 
lian airspSKse. In addition to the SIGMET warning service, 
the Bureaai of Metecffotogy provides a volcanic ash cload 
advisory service for the Australian region and areas to the 
near north. This service was introduced in 1982 in coopera- 
tion wiii Atistraia's Civil Aviation Aiifttoiity and rep^en- 
tatives from the aviation industry (Johnson and Casadevall, 
Ms volume). Because the Bureau has no capability to fore- 
cast and u3«aitify volcanic enqxSons, Ae obj^ve of ihe 
advisory service is to confirm the presence of an ash cloud 
and to monitor its movement after a report of m eruption. 
Such repcm of an eruption or fte prescmce of an ash clotd 
come from nearby ground-based observers, aircraft reports, 
and local aviation authorities. Satellite imagery and upper- 
ievdl wind m4ys(s imd i(xesasts are exmme4,,s^d ^ 
advisory message is issued by dte Nationai Meteorol<^cal 
Centre (NMC). 

In an effort to ln:i|>rove the vdicrniic ash ckDad waisii^ 
service in the Austtalian-Indonesian region, i)e V<^candk)g- 
ical/Airs|«K« Liaison Commitfse-Austanalia/IadosBeim Aus- 
tralian wwking group (VULCAN- AUS) was estsd>lished in 
1985 (Johnson and Casadevall, this volume). On the Austia- 
lim side, the comnaittee coniprises representatives from the 
Bureau of Meteorology, Civil Aviation Audiority , Common- 
wealth Scientific and Industrial Research Organization 
(CSIRO), Australian Geological Survey Organization 
(AGSO) (fonneriy the Bureau of Minerd Resources), and 
die aiiliiKiiS. The objectives of tfeis gKMip are to (fevelop aid 
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improve procedures for the avoidance of volcanic ash 
clouds, to iiaise with scieatific groups, to promote research 

organizations and with regional governments is order to 
increase awareness of the dangers to arcraft from volcanic 
eruptions. The groap im been instruioeatai is Ae 
development of better techniques for identifying volcanic 
ash clouds, improved warning procedures, and improved 
steagovernmental ^sel^kws be«!^aa ^>tema& mi isfeM- 
sia 01] tlie probienii. 



OKERAHONAL PROCEDURES 

A SKMET f<x volcanic ash, <x a volcanic cioud 

advisory that is issued by the Bureau will describe, if possi- 
ble, the location, height, and forecast movement of the ash 
cl<HKi and will be based on the eruption notification, hourly 
Japanese geostationary meteorological satellite (GMS) 
images and upper- wind analyses. In the Bureau of Meteorol- 
ogy, the amount of data and the speed with which these data 
can be aaaixze^iaMi^waiBPigSMfes^ have been 

greatly enhjaiced with the introduction of the Australian 
region man-computer interactive data access system 
(McIDAS) in forecast offices (LeMarshall and othere, 1987). 
This sy^em «E^te the r^id display and analysis of s^l- 
lite ima^ry, SBmedcal-majei prodacts, ^ oteovadCHaal 
data. 

The potential for providing an efficient and effective 
serviasfer fee aviation industry can be illustrated by briefly 
exfflaining events following th« iec«»t «raption of Mt. 
Piaaftibo, Philippines, wisc^ occsEn^ ^ 00:51 UTC 




Figure 2. Geostationary meceoro logical satellite images for 12 
June 1991 showing Mt. Pinatubo eruption cloud. Latita<fe md 
longitude grid at 5* in^als. Location of fte ash cloud indicated 
byaraows. A,01:30irit5;S,04:^liTC;C07:^OTC. 



(Coordinated Universal Time), 12 June 1991 (Potts, 1993). 
On subsequent days, there were further eruptions leading up 
to tiie cfaiatetic events of 15 June; however, tiiese are not 
discussed here. The Bureau of Meteorology received notifi- 
cation of the 00:51 UTC eruption from an airline company, 
and iffltmedis^y beg!Kt«swtg volcmiic a^ clmd ad^wy 
messages at regular intervals for the ash cloud. In the ensuing 
days, notification of further eruptions were received 
pr<»wp^y §xm avis^cai aaiK)rities in ttie IHlii^iBes, and ash 
cloud advisory messages were issued that defined, where 
possible, tie area of a^: cioud and its movement. The 
advi^^ were well received iyy lite aviation ia<&is&y. 

The sky was clear over iMsm on 12 Jfaae and the 
00:51 UTC eruption plume was cleariy evident on GMS 
satellite images. Figure 2 shows a series of GMS im.ages of 
the eruption from 01:30 UTC to 07:30 UTC. Tnere were no 
further major ash emissions immediately following the 00:5 1 
UTC eruption, and the ash cloud drifted to the southwest and 
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gr^aaliy dispersed, becoming elongated in a northeast- 
SKSJttSiwest direction as it moved. After 07:30 UTC, the ash 

China Sea and Indochina, and m& vMe^-m ms^ecy 
early the following day. 

He M^tiKsss lemperMHte of tiie dood tofs cm be 

determined from infrared satellite images. Assuming the ash 
cioud radiates as a black body aad that &e tempsscatore of 
tise cfoM quickly reaches equillfiriom wiii Bie «^wre»imM^ 
the cload height can estimated. From the satellite-derived 
brightness temperature and the 00:01 UTC vertical-tempera- 
ture sounding from Clark Air Base, 20 km to the east, the 
cloud top in figure 2 is between 130-100 hPa (15-16 km). 
Upper-wind dialysis enable the likely trajectory of the cloud 
to be determined. For the period shown, the highest levels of 
&e ash cload moved to the southwest at approximately 15 
m/$, consistent with the 00:01 UTC upper-wind analysis for 
100 faPa (16 km) (fig. 3A). Figure 2C shows that the ash 
cload has besHMse doagated in a tK»the2st-so«jftw«t &k&:- 
tion. The ash cloud in the northeast has a top around 500 hPa 
(approximately 5.6 km) and moved west at j^proximately 6 
ra^s, consistent wife die 00:01 ITlt: ij^iffir-wind analysis for 
5^hPa(fig. 3B). 

Although this example demonsti^;es dtat an ef&csive 
warning sctvios be provMed for vckswdc d&b dcaids, 
there are significant technical dIfifeiMes that must be 

addressed if the service is to become more effective. The 
BOM cannot provide warnings on the likelihood of a vol- 
cano erupting. It can only detect and monitor ash clouds 
after emission. It is therefore essential that there is early 
notification of any initial or subsequent volcanic eruption by 
re^XMiAle authorities within the country where the eruption 
has occurred; it is also essential that reports from aircraft 
concerning the presence of volcanic ash clouds be passed to 
aviaSon aifiitxnlitfe. 'SipiS'^vrarhinss or repswits'ltiSt'le dis- 
tributed quickly on the international avi^dtm metecsx)- 
Ic^^c^ commumcations system. 

Over the tropical regions nor* of AustraKa, is a 
high frequency of thunderstorms, which can develop very 
js^idly to ^eat hdghts andproduce extensive areas of cioad. 
On present CMS satdfite imagery, it is often not possible to 

discriminate volcanic ash clouds from water/ice clouds 
(SawaJa, this volume). la the 6-year pmc^, 1985-90, a tou! 

m& for 80 percent of these, it was not possible to «kffltff^ a 
volcanic ash cloud with any confidence due to the pE«s«sBce 
of wa^a/l<« cfoads. ¥m^, <iairaj<»i fw wliKit m ash 
cloM i^aats a hazard to aircraft is not knowa, md fertfeer 
researdi is required on this subja;t 



THE UTILIZATION OF NOAA AVHRR 
SATELLITE DATA 

National Oceanic and Atmospheric Administration 
(NOAA) advanced very high resolution radiometer 
(AVHRR) satellite data offer some promise for the discrim- 
ination of volcanic ash clouds from water/ice clouds based 
on differences in the brighmess temperature for a cloud mea- 
sured M 10.8 film (channel 4) and at 11 .9 um (channel 5). The 
difference results fh)m variations in the wavelength depen- 
dence of emissivity for water/ice and the pyrociastic material 
found in volcanic ash clouds (Prata, 1989a, 1989b; Barton 
and Praa, this volume; Honey, iiis volume; Prata and Bar- 
ton, this volume). 

From Prata (1989b), the infrared radiance, naeasored 
in a narrow band centered on waveleagtii ^ for a wustoa 
cloai iayex overlying a mm-ieflectiitg surface, assuming no 
s(»ttmog md m m^sSm 4epemkm», is a|>proximaied by : 

Ws(i-8f)F(r,)-i-g,s<rc) (1) 

wtee 

1 -tj and £( are the transmissivity and entissivity for flie 

cloud at wavelength a,-, 
Bi (I) is the Planck function, 
Tc is the clmid-lc^ tosiper^re, and 
Tj is the temperature of the surface. 

The brightness temperature of the cloud is then calculated 
fe» tks radiance assimkg Msxk body radia^on, (i.e., = 
1 .0). The emissivity, £,-, <rf a dkmd is dependent on the micro- 
physical aad johfflaical proptacSra of tf^ cloud, its opssii 
depth, and the wavelength at wWdi e,- is siessuroi. If die 
cloud is optically thick (£,■ =1.0), the brightness temperature 
provides a good estimate of the cloud-top temperature, 
whaeas, for an optically thin cloud (£,■ < 1) overiying a 
relatively warm surface, the brightness temperature will be 
warater than iie true cloud-top temperature. Also, for a cloud 
<rf gi\« epical <kp&, M g (IQ^ pa) < e ( 1 1 .9 pm), it follows 
from equation i that brightness teioperature 7(10.8 jxm) > 
n;il.9 ^im). Conversely, if stlffeS*)^) > £(11.9 {xm), then 
TtlO.S iim) < 7(11.9 \m). 

In the atmospheric window region, the emissivity for 
water/ice clouds increases with wavelength, and, conse- 
quently, &e &kx&K», AT, in liie l»igl!tn«ss taptiperamie 
between channel 4 (10.8 p.m) and channel 5 (11.9 um), 
where AT= 74-15, is almost always positive. The tempera- 
ture difference, A2; fat shwSs i& di^xadeat oa iie clc»id 
constituents, the particle-size distribution of those constitu- 
ents, and the cloud temperature. Silicates and sulfur dioxide 
are significant con^tuents of an ash cloud, and, for iiese, 
emissivity d^reases witih wavetegft. Hence, in many 
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circumstances relevant to the volcanic ash cloud detection 
problem, the difference 74-73 will be negative, enabling the 
discrmii^te of ash cloads from water/ice clouds (Han- 
stnim and Watson, 1983; Praia, 1989a, 1989b). Based on the 
same principles, Holasek and Rose (1 99 1 ) used a ratio of raw 
AVHRR counts for channel 4 and channel 5, rather than a 
difference, to discriminate volcanic ash clouds firom water/ 
ice clouds for tbe 1986 eraption of Augustine Volcano, 

The BOM has recently installed a satellite receiving 
antenna at Darwin, in northern Australia, which enables the 
collection of real-time AVHRR data over the Indonesian 
region. The area of coverage provided by the Darwin 
antenna is illustrated in figure 4. In the equatorial regions, 
tiie ground track of the NOAA pdiar-OTbiting satellites and 
the scan width of the AVHRR smsor is such that, wifli two 
satellites, there are only four scsms per day at intervals of 
SEfproxima^Iy 6 hours for any givoi location. Aithougfa 
tiiore me djviaas liailsaicaK tesai^ d tie time b^eeas 
scans, it is anticipawxi tbe AVHRR data will be a vMuable 
complement for hourly GMS imagery. The operational util- 
ity of these data for identifying ash clouds will be evaluated 
in ftit future. 

CONCLUSIONS 

International standards and procedures for the provision 
of warnings for volcanic ash cloads have been ^tablished 



12 JUN 3U63 NOflft-U NCRR-IC 




Figare 4. Coverage provided by Darwin NOAA satelBte-data- 
recciving antenna. Slanted straight lines indicate satellite flight 
paft. Safedlite position Is^Botedby time (IJTC) for 12 June 1991. 
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(pox., fMs vdume), and, in accordance with these pxwe&ses, 
the Boeau of Meteorology provides a significant meteoro- 
logical advisory (SIGMET) service for ash cloods that eater 
AustraKan airspace. In addition, the BOM provides a volca- 
nic ash cfoad aSvfeaty ^tvlos for areas to tfe bsssb- ncsii of 
Australia. These warnings describe the area of the ash clowi, 
the height, and the forecast movement and are basai on erap- 
tsoB 2Kivfce, hcajriy GMS imag^, and sq^^-level wind anal- 
yses. The possibility of providing an effective service for 
aviation is illastrated with a brief study of the eruption of Mt 
Pin^bo at 00:51 UTC, 12 June 1991. 

liwfe are significant technical difficalties associated 
with the provision of warnings for volcanic ash clouds. The 
BOM can only detect and monitor ash clouds after eruption 
and confirmation of a volcanic eruption. It is Aerefore 
essential that there is early notification of any initial or sub- 
sequent volcanic eruption. Such warnings must be distrib- 
uted quickly to Ae fntematicmal aviation aiid 
meteorological communications system. Using present 
GMS satellite imagery, it is frequently not possible to dis- 
criminate volcanic ash clouds from water/ice clouds. 
AViSlR multispectrai inlrared satellite data does c^er con- 
siderable promise in this area. The BOM has recently 
installed, in Darwin, a satellite receiving antenna that 
enaWes re!»ipt of AVHRR data. These data are now avail- 
able to operational meteorologists responsible for preparing 
advisories for volcanic ash clouds, and the benefits of the 
d^ will be evaluated in the fytme. 
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ASH CLOUD AVIATION ADVISORIES 



By Honias J. SaMivan and Jan»s S. BMs 



ABSTRACT 

During the recent eruptions (12-22 June 1991) of the 
Mt Pinatubo, Philippines, the U.S. Air Force Global 

Weather Central (AFGWC) requested assistance of the U.S. 
Department of Energy's atmospheric release advisory capa- 
bility (ARAC) is creating volcanic-asR-cl<»idi aviafion advi- 
sories for the region of the Philippine Islands. Through 
application of its three-dimensional material transport and 
dif&sioa njodels asing AFGWC m^ecrologica! a«iysls 
and forecast wind fields, ARAC developed extensive daily 
analysis and forecast advisories of ash-cloud position 
extending 48 hours into the future (in 12-hour increments) 
for a period of 5 days. The advisories consisted of "relative" 
ash-cloud concentrations in ten layers (surface to 5,000 ft, 
5.000 to 10,000 ft and eveary 10,CK)0 ft up to 90,(X)0 ft). Tht 
asb was repteseated as a }<^-acffl^ size disteitetion of 
}0-2{XHisi-<iam«tor sc^d f^^d«s. Sfa»-dqpendent "ash- 
fail" was simalatwl ov« time as fee eruption clouds dis- 
persed. These faxsdiKts were dlstrilmted to the AFGWC 
(Ogut Air Fcrce- Base, Mels»ka> i»d fifeaJqaarters ¥m% 
Weather Wing (Hickam Air Force Base, Hawaii) for further 
distribution to U.S. Air Force weather units throughout the 
Pacific region, who ware supporting the evasjation of U.S. 
personnel from the Philippines. 

For the cataclyssjic Piii^:bo «ra|^lpfj of 15-16 Jane 
1991, the complex three-dimensional atmosj^ieric striKtwie 
of the region produced dramatically divergent ash-clood 
pattesis- The large eruptions (> 23,000-33,000 ft high) pro- 
d»iced.ash-phJiBe.c!offl3s .wi&.steoag westward.tiaaspottover 
the South China Sea, Southeast Asia, India, and beyond. The 
low-level eruptions (< 23,000-33,000 ft) and quasi-steady- 
state veating f»o<hiced a plume that generally dispersed to 
ft© R<ath and east teosj^glK^t the s«^^>c»t {»riod. 



©fmOPUCTION 

The atmospheric release advisory capability (ARAC) is 
a real-time emergency response and preparedness servfce 
developed aad operating at the Lawreijce Livermore 
Naticml LaixHatory (LLNL) ia Livmn<ae, Qtlif., for flie 
p^ ARAC B a sj^kml lesmace a «te of 



di^asion motfels to simulate the ccmsequeaces of acddes- 

tal releases of material into the atmosphere on local to global 
scales. Funded by the Departments of Energy (DOE) aad 
Defense (DOD), fte primaay role of ARAC b^ to pxi- 
vide calculations for radiological releases. Any U.S. Federal 
agency can request the services of ARAC through DOE as 
delineated in the Faiera! radiol<^ical emergency response 
plan. 

This p^er describes how ARAC has responded to other 
than r^osKrtive matedal releases, summariaas its modeling 
system, and focuses on its response to the June 1991 eruption 
of Mt. Pinatubo, Luzon, the Philippines, as requested by the 
U.S. Air Force. 



BACKGROUND 

Since the beginning of operation in 1974, ARAC has 
been involved in over 600 rsspons^, prfmarity exeancises 
wiii its supported agencies. In accordance with its charter, 
ARAC has been used for major domestic radiological events 
and some iittemadcml evmt& vttee fee U.S. Covemmemt 
had interests. In addition, as table 1 indicates, ARAC has 
also been used for non-radiological releases within the 
United States. In fact, reqijests f<a' assistance involving non- 
radiological releases have equaled fe<»e involving radioac- 
tive releases. 

The current ARAC system has evolved according to fee 

requirements and expectations of its supported agencies as 
well as its experience with responses (Sullivan, 1988). For 
example, a 1^ NcHlh CmArm train wsM&ax revealed feat 
real-time meteorological data automatically formatted for 
use in dispersion models was essential to a rapid response. In 
1978, fee w»i<pe request by DOE to estimate the atmo- 
spheric consequences of the reentry bum-up of the Russian 
nuclear-powered COSMOS 954 satellite prompted the 
ARAC teffln to develop a M®b-altitude particle-fall model. 
As a result, ARAC w^ prepared for the subsequent 
COSMOS 1402 reentry in 1981. ARAC's largely manual 
response to the 1979 Three Mile Island accident and the 
1980 Titan II missile accident showed the need for on-line 
U.S. topography and geography dat2b^<». The 1986 Ctesr- 
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Table 1. Notable ARAC responses. 

iARAC, atmospheric release advisory cs^biBtyj 



Year 


Loca.t!<a 


Smircc 


Release 


1976 


Nortii CarolM 


TxSBn accident 


Uranism hexafluoride' 


im 




CCSMOS 954 reentry 




1979 


ITiree Mile Island 


Nwieaar powa iteA 


Mixed Sssian pro&icts 




Hanisburg, Pa. 






1980 


Damascus, Aiit. 


Titan n missile 


Missile 


1981 




CC«MOS 1402 isentry 




1982 


Soufli Carolina 
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to implement continental-to-hemispheric scale models sup- 
ported by worldwide meteorological, terrain, and mapping 

Each response has resulted in expanded capabilities. 
Consequently, for example, ARAC, with so.me adaptation to 
a new AFGWC wind-m.odel data source, was ready with the 
necessary models and databj^s to simuiate the daily 
regional-scale smoke and soot concentrations from the 
Kuwaiti oil fires in the Persian Gulf region from May to 
CtetJte 1991 (mis aiKjf c^ms, 1992). 



ARAC SYOTIM 

The original ARAC concept, prot<«ype development, 
and initial opemtioos finom, 1974 .to 1982 wax sttj^?at«J ,lry 
DOE. From 1983 to 1986, the system was redesigned, and a 
Mgh level of mitomation was irnpieniented to support ap to 
100 fkjilMes within &e DOB-DOD fuidear commsinity. 
Figure 1 depicts the automated flow of information during an 
ARAC emergency response with the current system. This 
mttpBBeS <iagram lepreseats only ije top-level system 
functions of the ARAC emergency response operating sys- 
tem (AEROS). AEROS automatically assembles necessary 
Mammim for flie modtel-mn stism. once tfee aanismm 
accident data have been entered using the "problem ques- 
tionnaire." The questionnaire may either be completed on a 
cofflpjter itt OB& of tbe vemtM sa^g^&ix ^ilities or 

manually etmedsL&bARACcma^lxt^mMtmsslim 
ga&ered. 



A meteorological data interpolation code (MEDIC) ini- 
tializes winds in the three-dimensional volume to be mod- 
eled. Relevant topogr^by is s^ied at fte lower boandary, 
ften the calculus-of-variation code known as MATHEW 
(Sherman, 1978) imposes mass consistency in order to pro- 
vide non-div€arg«nt flow fieMs f<» the dispmicm mo&l. Ute 
atmospheric diffusion particle-in-cel! (ADFIC) model of 
Lange (1978) is a Lagrangian particle code that provides the 
dl^wsion physics for a wide range of sabsiaBC^, e.g., 
gases, solid particles, radioactive material, and n<m-T&&m> 
tive material (Foster and Dickersoa, 1990). 

Typical ino<M results iflc!i!<jfe pi!c*s of deposition of 
material on the ground and instantaneous and time-inte- 
grated doses or air concentrations of particles at selected lev- 
els above the ground. Species or sources may be combined 
as required and cc«itc«»ed according to specified isopieth 
values. A:l^aid =»^^bow«.eadi plot that describes the 
release, s{»cfe involved, scmss type, uaits, and valid time 
for the ccHntours. 

After a quality assQraBi<» revbw by aa ass(»SQs^t 
meteorologist, the plots may be trassiateJ to a sii|^x»ted 
site coaifHiter by modem or fsxsd to the emCTgeaacy r«sp<»sse 
manager. The time to create and deliver plots to a suppc»ted 
site computer can be as little as 15 to 30 minutes after receipt 
of incident information. For non-racioiogical incidents, the 
response time depends on the complexity of the source term, 
the availability of meteorological data, and the preparation 
of unique model-input parameters (Sullivan, 1991; Walker, 
1989). 

Typically, ARAC response time is equally split 
between computer or voice communications with the site, 
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flgssre 1. Schematic flow diagram mdicating the msyor componeals of the ARAC (atmospheric release advisory cap^li^y) 
mtesgsBcy response c^a^tit^ system. 



automated or manual model-input preparation, model execu- 
tion, md htnnas mtem:tim with the system. ARAC cur- 
rently uses Digital Equipment Corporation (DEC) VAX 
8550 computers to ran the models and micro- VAX' s to com- 
municate wift DEC PC35{V380 suppcst fadlity site comput- 
ers at 1.200 band. In 1992-93, ARAC plans to upgrade the 
VAX's with faster computers and to begin replacing the 
facility compaters wiiii Unix-based w<»ksMions oanmuni- 
cating wife ARAC at 9,600 iMBud. 



MODEL DATA REQUIREMENTS 

To satisfy the request for the Piaatubo ash-cloud-advi- 
sory forecasts, ARAC reqii»ed physic^ information about 
the events (source terms to the model), such as location, 
times and durations of eruptions, height, wid&, and diameter 
of Ae fflFi!^<m cioad, mi «^ size aad <feaaty propeties. 
The U.S. Air Force provided Ae majority of this event- 
related information. The ash-particle information was 
gleaned &om scifflatifk; reports abc«Jt era|«ioas of S 
Chichdn Volcaiio, Mexko, m 1982, and Mount St. Helens in 
1980. 



Initially, for the Piaatubo response, ARAC's "hemi- 
spheric" models, developed in response to the Chernobyl 
accident, were used because twice daily northern hemisphere 
wind-field analyses from AFGWC are routinely received 
and archived at ARAC. With AFGWC priority assistance, 
ARAC began receiving forecast-wind data for 15 standard 
pressure levels of the atmosphere (fig. 2) extending to 10 
millibars or approximately 100,000 ft in altitude. Data to 
these heights were required because of the reported and esti- 
mated eraption heights of 25-30 km (80,000-100,000 ft) oa 
14-15 Jane 1991. 



ERUFOON CHARACmmZATION 
FOR THE MODEL 

After initial experimentation with representation of 
fees© large expMm clo»«Js, it was de<^j^ to model tit 

ash-cloud injections as large cylindrical, volumes of several 
kilometers radius and vertical extent to serve as the basic 
geometry for release of model "marker" pa.'ticles. A log-nor- 
mal particle-size distribution spanning the 10-200 micron 
diameter range was selected; particle density was chosen as 
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1.45 g/cm^, based on a sample of ashfall from Mount St. 
Helens. Because several eruptions were to be modeled con- 
OHfaErtly, a «^ed (relative) release rate proportional to 
explosive ei»rgy «;tim^ed from tbe altitude of the closid tssg 
was a^proxiniated as shown in table 2 using explosion-scale 
algorithms maintained at ARAC. The relative scale and 
cferoBology of the enqjtions modeled are dqjicted ia figure 3. 



RESULTS 

By the conclusion of the first response day, 18 June 
1991, ARAC had produced the first set of a^-cloud-advi- 
scay products (fig. 4) using the faemispheric-scMe model. 
Plots of "relative" ainbient concentrations of particles were 
gajerated for consecutive 12-hour intervals extending to 48 
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Figure 3. Time sequence and relative eruption heights of events iadaded in ARAC (atmospheric release advisory capaMtty) a^i-clo^ 
model caloilatiOKS for «n^<HJS of Mt PinsecrtK) duritag tiie period 12-20 Jane 1991. UTC, Coordinated Uuiversal Tiiije. 



hours for the 10 altitude layers specified by the Air Force. In 
aa attempt to delineate potentially hazardous areas, relative 
coacenttatiou divisioas of "heavy/dense," "moderate," and 
"llgW/diflEsjse" 2&b were chosen by identifying the highest 
two ORfers of magniJude of rdative particle concesttr^CKis, 
the next largest two Srders of magnitude, m^i Qieii fiie 
remaining concentrations, respectively. Internal to fte 
model, a "normalized unit source" was selected due to the 
complete lack of actual data concerning the mass of the enip- 
tions. A "normalized unit source" is a convenient mecha- 
nism for deriving the relative dispersed-material distribution 
for an assumed release or release rate, e.g., i g or i g/s. When 
specific measraDmiaiis or estim^ ^ ddtmnimd, tlK» tite 
cafcalated distributions can be directly scaled to derive 
actual mass-specific concentrations. Unfortunately, the 
metecH-ologkal and (£^;ersi<»)-mo(kl dom^ bwndaty was 
close to the ecupdoa site, with the consequence that these 
calculations were of limited utility for the areas south and 
switfawest of Hnatubo. They did, k>wev6r, cover fie pri- 
mary aerial evacuation imt& fea C^m to CJiiam, v/MA 
remained ash-free (fig. 5). 



IS^le 2. Sc^ "relive" idtease rate, ML Piaatabo, 1991. 

(Ponick-sizc distriba&on: i&-ao&.{ati dMBettr; ecp»v:dem«ieisy ntesedjpveasi 

esoiisands of tons of TKT] 
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Shortly after transmission of the first calculations, the 
Air Force requested comparable advisories for a more 
d««ailed suteegicai of a few dtousand iaiCHnet^ extent cen- 
tered on the Philippines. Figures 6A and 6B delineate this 
new model subdomain and also reveal the complex, sheared 
wmd-flw tepmes a* and 5(^000 ft cm 18 iFmie 1991 . 




i5^pre4 Example of tlw first "foreca^ ash cloud advisoiy" map 
pKpzxed for flje U.S. Air RKce <m a tejd^*«aic scale. This 0W 

was for the 20,000-30,000-6 altitude layer valid at 00:00 UTC, 20 
June 1991. The "ash" levels are relative to the initial release as dis- 
cussed in tt^teso. 
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Figure 5. Particle-model representation of dispersing ash clouds for all eruptions of Mt. Pinatubo from 12-20 June !991. A, overhead 
view; B, side view from right to left of the overhead view, looking down the axis of the plume; C, side view from bottom to top (or across 
the pole) of the overhead view — this reveals the verdcal structure of the recent eruption and the disponed <3ebirj$ from the cataclysmic 
eruption (of 15 June 1991) over India. Top of vertical scale on side views is 115,000 ft 



To prepare these calculations for the sobregion, it was nec- 
essary to extract grid-point profiles from the hemispheric 
data grids and merge djem wift available legioaal rawin- 
sonde data. At the time of the eruptions, this was a manuaJ 



process; now it is substantially automated. Using the same 
"source" scaling parameters and receding eruptions, figures 
7A, 7B, and 7C reveal the model representation of the 19 
June 1991, 14:25 UTC eruption ajfter 9 hours of dispersal 



ASH OJOm AVIATKJN ADVISOREK 



235 



r t r f r rj^ 






Figure 6. Wind-field calculations for the Philippine Island region 
showing details of the regional calculations for the 19 June 1991 
Ki}atul» erapiojj (disiiag period of U.S. military air evacua- 
ti<ms). IjKSvidtoa! fbw dteiaus exteijd in the direction of the wind 
as isdic^d by arrows. Length of anow Miaft iffiScates wild speed, 
which ranges from about 5 m/s to about 20 m/s. A, Lower atmo- 
sphere (= 7^(X) ft) winds; B, Upper atmosphere (=50,000 ft) 
winds. 



simulation. In figwre 7, the dommast plame of ash was aaas- 
ported west-southwest over the Soudi China Sea by strong, 

high-altitude winds. A low-altitude, diffuse, meaadering 
plame, probably related to residual venting between major 
eruptions, stretches north arooitd Taiwan and wraps back 
around aloag fee South China coast. Figure 8 gives an indi- 
cation of this low-level plume structure on 20 June. Vertical 
oross-secljon views of Ae 19 June !99! enijrtion ptoise at 
00:00 UTC on 20 June show the simulated "ashfall" from the 
southwestward-transported upper plume (i5,0CX)-50,000 ft) 
Mid low-level plun^. The resulting dispea^ing ash clouds are 
shown in figures 8A-8C, revealing the different structures of 
the northeast (lower level) ash stem and vent clouds and the 
swthwest (upper level) main explosion cloud and ashfall 
from the above stratospheric injection. Figure 8D is a verify- 
ing AFGWC analysis based on defense meteorological 
satellite program (DMSP) visible and infrared images for 20 
June at 01 :34 UTC. Immediately evident is the sloped, upper 
cloud and particle fallout structure being driven to the south- 
west by the higher altitude winds, while the lower "stem" 
and continuous, lower level, p<»t-eraptioa "venting" ash 
cloud is being swept noriieast &«i Borfihward, 

For the ca^lysmic eruption of 15-16 June 1991, the 

complex three-dimensional atmospheric structure in the 
region produced dramatically divergent ash-cloud patterns. 
He large €srupti<«s <> 23,000-33,000 ft) produced 
plume clouds, with strong westward transport over the South 
China Sea, Southeast Asia, the Bay of Bengal toward India, 
and beycsad. It is die downwind transport, diffusion, and ash 
fallout of these enormous stratospheric intrusions that 
resulted in the numerous aircraft encounters with ash ciouds 
(Casa<fevall and De Los Reyes, 1991). The low-level 
eruptions (< 23,000 ft) and quasi-steady-state venting 
produced a plume that generally dispersed to the north and 
east ijir<Higboat die period. 



POTENTIAL IMPROVEMENTS 

These results show the detailed ash-cioud structure 
achievable wi* the ARAC three-dimensional mo&sling 
system. Although the initial approach proved viable and 
successful, further refinement is possible. A distinct need 
exists to quantify eruptions consistency such that "relative" 
ash concentrations relate to specific aviation hazards. 
Research and collaboration with the volcanology community 
cc«i|d possiWy produce m "oxif^OB mass" estimMoa 
methodology correlated to seismic detection or eruption 
height (Harris, this volume; McNutt, ftis volume). Particle 
siz^, draisity, and c«har relevant dharacieristics should be 
refined. Databases containing locations and characteristics 
of all known potentially active volcanoes should be 
prepaid. Links to v6lcOTbtdgists''j^€*ing 's^ ^oaid 
be established. 
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E%u« 7. McxM sepcsiset&a&on of the 19 June 1991, 14:25 UTC Knatabo CTujffion after 9 hours of dispersal simulation. The dominani 
ftaae <^ vm trm^prated westnsoc^tme^ over ijbe Osoia Sea fiie samg, MgitsdtttiKk; wiix&. A low-diitt^, <if!use, mean- 
&emtg ptome, probably related to residual venting between major eruptions, stretches north around Taiwan and wraps back around along 
a» SoaSs CKna coast. A, Overhead "particle cloud" view for the Philippine Island region showing the regional grid calcalatioas of the 19 
Jfene 1991 fflrufdcm;S, Vfewedipcm east to we^<7. Viewed fhmKS^ 



POTENTIAL VALUE TO AVIATION 

A few immediate advantages of the ARAC hazard mod- 
eliag system are: (1) advisory products are act limited or 
sMe&sd at n^A, (2) ti^smi ckmis <k> mt ot^niie os affect 



the modeling technique (as, for example, detection using sat- 
ellitie-based techniques), (3) unaffected routes and areas 
unaffected by ash are apparent, (4) altitude layers can be dif- 
ferentiated, (5) ash-cloud dispersion is calculated with winds 
comparai^ to mcsndt ccniiputeiized flight plans, and (6) tlie 
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Figare 8. Relative ash concentralioE isopleths for three altitude layers show the simulated "ashfaii" from the southwestward-transported 
upper plume (15,000-50,000 ft) and low-leve! plume in the Philippine Island region on 20 June 1991, following the eruption of 19 June 
1991. The resulting dispersing ash clouds reveal different structures of the northeast (lower level) ash stem and vent clouds and the south- 
west (upper level) main-explosion cloud and ashfall from the above stratospheric injection. A, 5,000-10,000 ft; S, 10,000-20.000 ft; C, 
20,000-30,000 ft; D, Air Force Global Weather Central (AFGWC) analysis based on defense meteorological satellite program (DMSP) vis- 
ible and infrared images for 20 June 1991 at 01:34 UTC. Imagery shows the distribution of weather clouds and ash clouds for use as a 
verification of the ARAC model for the period of 20 June 1991. MID CLD, middle cloud; abbreviations in upper right portion of D indicate 
"scattered cumulus development within ash cloud." 
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advisories are graphic charts that are easily interpreted. 
Coupling of aviation operations with this type of hazard 
HKxklisg provides a demoaststfei, viable method to keep 
^HPcraft from unanticipated exposure to volcanic ash clouds. 

Assuming there is sufficient interest from the aviation 
coRimaaity, a prcrtocoi be est^fished for geser^(HS of 
pre-emptive, precautionary calculations, as well as 
generation of advisories during and after eruption until ail 
hazwdous qaantM^^ dFa* jefc removed frcsn !f»e ccmtami- 
TUSted ffiurspace. A system for dissemination of these results 
would need to be detenmned in order that the advisories 
reach ail potentially impacted aircraft, earners, air traffic 
control, and airport authorities. With such a capability 
integrated into global aviation, the hazard due to flight 
qpeiations in areas of volcsmic mi|«icm Areat could be well 
(fefined and apprqprialely avoided by rerouting and 
rescheduling. Termiffi^s at risk could also be avoided thus 
minimizing the risk of aircraft damage, as well as &e risk of 
losses owing to grounding of airplanes — either of which 
could have substantial economic iffl$>iK:ts. 



SUMMARY 

Modeling she ^oence of fflrujaions from the 1991 
eruptions of Mt. Pinatubo presented ARAC with a unique 
challenge. Based on the results achieved, we conclude that 
appHcatiwi of Ms modeling methodology could provide 
enhanced safety for the aviation community in the event of 
volcanic eruptions. The modeling system improvements out- 
lined hare must be <Jevel<^)ed if ARAC Is to considered 
for future involvement in a voicanic-ash-cloud hazard advi- 
sory service. The U.S. Department of Energy, as manager for 
the ARAC program, mast approve any extension of diis 
emergency response service into this area of natural hazard 
mitigation before such service couid be routinely provided. 
Technology transfer to nongovemmoit organizaticms is a 
possible alternative, provided a technically competent orga- 
nization with strong meteorological and aviation interests 
assumes r^ponsibility for generation of the adviscaies. 
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fl^xre 3. Time sequence and relative eniption heights of evaits included in ARAC (atmospheric release advisory capabi&y) it^hChmSr 
nwdelcjicaMonsforerapliossof Mt. Rn^ibo during fihe period 12-20 Jtii» 1991. UTC, Cooidioated Universal Time. 



hours for the 10 altitude layers specified by the Air Force. In 
an attempt to delineate potentially hazardous areas, relative 
ccmceotration divisioas of 'Tieavy/dense," "moderate," and 
'ligbt/diffuse" ash were chosen by identifying the highest 
two orders of magnitude <rf relative particle concaatratioos, 
fte next largest two 6i&ecs of magnitude, and ffien fiie 
remaining concentrations, respectively. Interna! to Ifee 
model, a "normalized unit source" was selected due to the 
complete lack of actual data concerning the mass of the erup- 
tions. A "normalized unit source" is a convenient mecha- 
nism for deriving the relative dispersad-material distribution 
for an assumed release or release rate, e.g., 1 g or 1 g/s. When 
S|»cific measii]%m@tits or ^tim^cs aie 6e^em.m^ Aea &e 
calculated distributions can be directly scaled to derive 
actual mass-specific concentrations. Unfortunately, the 
m«e<aroiogfcal and dispecaon-modtel dommn kwad^ was 
close to the eruption site, with the consequence that these 
calculations were of limited utility for the areas south and 
southwest of Pinaftibo. They did. however, cover 
mary aerial evacuation route feaa Cebu to Gaam, t»tach 
remained aslt-free (fig. 5). 



ISabk 2. Scaled "Delaive?* release late, Mt Fmmbo, i99L 

[Particle-size disaibuaon; I0-2Q9-jM<aBM«B;eqi^«al«a«a«sy*eto8ed #ve«lia 

aio«saa& of tons of TNT] 
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Shortly after transmission of the first calculations, the 
Air Force requested comparable advisories for a more 
dstaiied subre^on of a few fiKmasd Idlonseters exteat cen- 
tered on the Philippines. Figures 6A and 6B delineate this 
new model subdomain and also reveal the complex, sheared 
wmd-ftw legirtj^s at 7^08 md 50,€0O fit cai 18 Jime 1991. 




i^pire4, Exmpte of tie first 'torecaKa^cksudadvjsoiy" map 
prepared for flie II.S. Air R»c» m a h«sis|*eric scale. ThK fiat 
was for the 20,000-30,000-ft altitude layer valid at 00:00 UTC, 
June 1991. The "ash" levels are relative to the initial release as dis- 
a^edinti%text. 
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Figure 5. Particle-raodel representation of dispersing ash clouds for all eruptions of Mt. Pinatubo from 12-20 June 1991. A, overhead 
view; B, side view from right to left of the overhead view, iooking down the axis of the plume; C, side view from bottom to top (or across 
the pole) of the overhead view — this reveals the vertical structure of the recent eruptjon and tte dispmed dskns ftom the c^acj^fsmic 
eruption (of 1 5 June 1991) over India. Top of vertical scale on side views is 1 1 5,000 ft. 



To prepare these cakitlations for the subregion, it was nec- 
essary to extract grid-point profiles from the hemispheric 
da«a grids and merge fliem wiA availabk regional rawin- 
sonde data. At the time of the erui^ions, this was a manual 



process; now it is substantially automated. Using the same 
"source" scaling parameters and receding eruptions, figures 
7A, IB, and 7C reveal the model rei»esentation of lie 19 
June 1991, 14:23 UTC eruption after 9 hours of disposal 
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Figure 6. Wind-field calculations for the Philippine Island region 
showing details of the regional calculations for the 19 June 1991 
Ksawlso erapticffl (^risg fibe pffiflod of U.S. xmlitary air evacua- 
tifflss). Indi vidua] fJow dtoeiss extend in the <!iiecti<Mi of the wind 
as indiralKj by an»ws. Length of asrow sijsft indicates wisd speed, 
which ranges from about 5 01/s to about 20 m/s. A, Lower atmo- 
sphere (= 7,500 ft) winds; Upper atmosphere (=50,000 ft) 
wisKSs. 



simuMon. la figure 7, the dominant pltisie of ash was trans- 
ported west-southwest over the South China Sea by strong, 
high-altitude winds. A low-altitude, diffuse, meandering 
plume, probably related to residual venting between major 
eruptions, stretohes north around Taiwan and wraps bsKsk 
around along the South China coast. Figure 8 gives an indi- 
cation of this low-level plume structure on 20 June. Vertical 
cross-section views of fte 19 June 1991 eruption plume at 
00:00 UTC on 20 June show the simulated "ashfall" from the 
southwestward-transported upper plume (15,000-50,(X)0 ft) 
and low-level plume. The resulting dispersing ash clouds are 
shown in figures 8A-8C, revealing the different structures of 
the northeast (lower level) ash stem and vent clouds and the 
soufitwest (i^p^ level) main explosion cloud and ashfall 
from the above stratospheric injection. Figure 8D is a verify- 
ing AFGWC analysis based on defense rr.ereoroiogical 
satellite program (DMSP) visible and infrared images for 20 
June at 01 :34 UTC. Immediately evident is the sloped, upper 
cloud and particle fallout structure being driven to the iK)uth- 
west by the higher altitude winds, while the lower "stem" 
and continuous, lower level, post-eniption "venting" ash 
cloud is being swqpt ncHiSieast flien norfiiward. 

For the cataclysmic sauption of 15-16 June 1991. the 

complex three-dimensional atmospheric structure in the 
region produced dramatically divergent ash-cioud patterns. 
The large CTU|«ions {> ::B,0(X>-33,000 ft) produced ash- 
plume clouds, with strong westward transport over the South 
China Sea, Southeast Asia, the Bay of Bengal toward India, 
ard b^cad. It is the downwind traiaport, diffusion, and ash 
fallout of these enormous stratospheric intrusions that 
resulted in the numerouis aircraft encounters with ash clouds 
(Casadeval! and De Los Reyes, 1991). The low-level 
eruptions (< 23,000 ft) and quasi-steady-state venting 
produced a plume that generally dispersed to the north and 
east fiirougkjut the period. 



POTENTIAL IMPROVEMENTS 

These r^ults show the detailed ash-cloud structure 
achievable with the ARAC three-dimensional modeling 

system. Although the initial approach proved viabk and 
saccess&l, further refinement is possible. A distinct need 
exists to quantify eruptions consistently such that "relative" 
ash concentrations relate to specific aviation hazards. 
Research and collaboration with the volcanology community 
oc«ld possiWy produce an "eruf^ioa mass" estiaiation 
methodology correlated to seismic detection or eruption 
height (Harris, this volume; McNutt, this volume). Particle 
sizes, (teisity, and <^er relevant chffltctoistics should be 
refined. Databases containing locations and characteristics 
of all known potentially active volcanoes should be 
prq)irea. Lliks 6) v6l<:ah<:a<%iSts* ^^6atitig'«etwdilts sJioald 
be est^Mshed. 
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F%pre 7. Mo<iel rqpreseaMon of the 19 Jmw 1991, 14:25 UTC Etoatubo eit^oa after 9 hours of dispersal simalatioE. The dotniaanJ 
{taie <^ trmspotted w^-socAwesx Oe SascSx Omt Sea by £be $M»3g, Mgbi-sdtiti»fe mnds. A low-ahitiBk, diffuse, oaeim- 

<fc!ring plume, probably reiated to residual venting between major eruptions, stretches north around Taiwan and wraps back aroand along 
t!» South China coast. A, Overhead "particle cioud" view for the Philippine Island region showing the regional grid calculations of the 19 
Jfa!» 1991 enj|«!<m; S, View^ ifem eas to ^s^ss; C, Vievm! 



POTENTIAL VALUE TO AVIATION 

A few immediate advantages of the ARAC hazard mod- 
eling system are: (1) advisory products are not limited or 
affected at m^&, (2) isteai clou^ 4o mt <^iixe as affect 



the modeliEg technique (as, for example, detection using sat- 
ellite-based tediniques), (3) tmaffected routes and areas 
unaffected by ash are apparent, (4) altitude layers can be dif- 
ferentiated, (5) ash -cioud dispersion is calculated wife winds 
compmSM m aircraft ccanputerized fiight plans, and (6) the 
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Figure 8. Relative ash concentratioc isopleths for three altitude layers show the siraulated "ashfali" from the southwestward-transported 
upper plume (15,CKX)-50,OOO ft) and low-levei plume in the Philippine Island region on 20 June 1991, following the eruption of 19 June 
1991. The resulting dispersing ash clouds reveal different structures of the northeast (lower level) ash stem and vent clouds and the south- 
west (upper level) main-explosion cloud and ashfali from the above stratospheric injection. A, 5,000-10,000 ft; B, 10,000-20,000 ft; C, 
20,000-30,000 ft; D, Air Force Global Weather Cenyal (AFGWC) analysis based on defense meteorological satellite program (DMSP) vis- 
ible and infrared images for 20 June 1991 at 01:34 UTC. Imagery shows the distribution of weather clouds and ash clouds for use as a 
verification of the ARAC model for the period of 20 June 1991 . MID CLD, middle cloud; abbreviations in upper right portion of D indicate 
"scattered cumulus development within ash cloud." 
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advisories are graphic charts that are easily interpreted. 
Coupling of aviation operations with this type of hazard 
modeling provides a demoastKted, .viable method to keep 
aircraft from unanticipated exposare to volcanic ash clouds. 

Assuming there is sufficient interest from the aviation 
cofloantiftitf , a protoati could be est^lfeh«l for genendcm of 
pre-eruptive, precautionary calculations, as weli as 
geaeration of advisories during and after eruption until afi 
hazanl<»r$ ^uaatMes of adJ are mnoved from Ike contami- 
nated fflbrspace. A system for dissemination of these results 
woiuld m&d to be determined in order that the advisories 
reach ail potentially impsffited aircraft, carriere, mr traffic 
control, and airport authorities. With such a capability 
integrated into global aviation, the hazard due to flight 
c^raticms in areas of volcanic erupticKi threat could be well 
defined and appropriately avoided by rerouting and 
rescheduling. Terminals at risk could also be avoided thus 
minmizing the risk of aircraft damage, as well as die risk of 
losses owing to grounding of airplanes — eititer of wbidi 
could have substantial economic impacts. 



SUMMARY 

Modeling tibe sequence of eraptioas fr«n iie 1991 
eruptions of Mt. Pinatubo presented ARAC with a unique 
challenge. Based on the resuMs adhieved, we conclude that 
application Ais modeling methodolc^ cwld provide 
enhanced safety for the aviation community in the event of 
voicaaic eruptions. The modeling system improvements out- 
lined here tmst be developed if AJRAC is to be ccaisidered 
for future involvement in a volcanic-ash-cloud hazard advi- 
sory service. The U.S. Department of Energy, as manager for 
tte ARAC program, mmt approve my extensic»! of ftis 
eiaergency response service into this area of natural hazard 
mitigation before such service could be routinely provided. 
Technology traasfe? to nongovemmesit organizations is a 
possible alternative, provided a technically competent orga- 
nization with strong meteorological and aviation interests 
assumes respossibiii^ for gas^^on of the advisories. 
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AJK>3 1 KAv- 1 

The eraptioos of Redoubt Volcano during 1989-90 
reve^a! a number of <fefidencies in N^onai We^fiar 
Service (NWS) operations that greatly hampered tlie 
forecaster's ability to accurately forecast and issue timeiy 
advisories on the movement of airborne volcanic debris. The 
forecaster lacked knowledge of (1) the physical properties of 
airborne volcanic debris, (2) the initial location of debris in 
the atmosphere, boft vertically and horizontally, (3) real- 
time winds near and dtownstream of tite vdcano, and <4) 
r^id access to vcteuiib-tfebris-tracking models. 

To help resolve diese deficiencies, an Alaska volcano 
debris monitoring system has been designed, acquired, and 
installed at the N^S offices in Anchorage, Alaska. The sys- 
tem consists of a wind-profiling Doppler radar tfea provide 
hourly vertical profiles of winds near the volcfflo, a saieiMte 
downlink and processing system for tracking volcanic 
plumes using a variety of polar-orbiting satellites, a C-band 
radar to provide vertical and horizoiita! extent of the plume 
at and near fte volcano, a new volcanic-ddais- tracking 
model, and an upgrade to the regJonal computer and commu- 
nications network for processing, applications, and display 
of the volcano debris monitoring syssem database. 



INTRODUCTION 

Volcanic ash injected into the atmosphere from the 
1989-90 Redoubt eruptions became the most common and 
wMespread hazard (Brantley, 1990) from this mi^ of erap- 
tioiss. The ash caassed significant damage lo prc^jeEty, e^)e- 
dally aircraft, ^ severely disruf^ aonsal a<^vlti^ in 
sCKj4rC«stral Alaska, whese about &) f»cent of tite Stm's 
population lives. 

Redoubt Volcano is one of four active volcanoes that lie 
Mong tbe we^ side of Cook Inlet (fig. 1). These four volca- 
noes have erupted f<Mr a combined totd of seven times in the 



last 80 years. Some of those eruptive episodes have lasted 
over a 2-year period. Tne four volcanoes are part of an active 
chain that extends from upper Cook Inlet, southwest along 
the Alaska Peninsula, to flie western Aleutians. This diak 
includes a total of 35 volcanoes active during the last century 
(Simkin and others, 1981). 

During &e last eruptive episode of Redoubt Volcano, 
the N"WS found that there were a neiabor of deficiencies in 
information that greatly hampeaed the forecaster in 
accurately forecastmg and issuing timely advisories on the 
movement and concentration of volcanic debris injected into 
the atmosphere. The forecaster had no information on (1) 
ash particle size and concentration, (2) initial height or hori- 
zontal extent of the plume into the atmosphere, (3) real-time 
vertical profiles of tfie winds near and downstream of the 
volcano, and (4) r^)W m^s to vo!canic-ash-tra^ct<sy 
models. 

The potential for future hazardous eruptions near Cook 
Inlet led CcmgRSS to ssppist a volcano monitoring program 
for south-central Alaska to minimize the affects on the pop- 
ulation and commerce. A major participant in the monitor- 
ing program is the NWS. The purpose of this paper is to 
describe the technologies that have been chosen by NWS for 
the task of ash detection, monitoring, and tracking in Alaska. 
Tte sys^m., called the Alaska volcaaw defarts moaitomg 
system, cmsasts of new remote-sensing iastrameirtatioa, 
deveio|m<»i ofmsw predklive"*mo<ldfe, mi m uf^^^e of 
the NWS regional computer and communications network 
fcff jaxjcessing, api^caticHis, and dBs|rfay of the integrated 
dMatme fjxm the monitoring Systran. 



EEMOTE-SENSING TECHNOLOGIES 

The remote sensing instrumentation in the Alaska vol- 
cano debris monitoring system consists of a Doppier wind 
profiler, a non-Doppte weather radar (C-b^d), and a polar 
satellite downlink, processing, and di^lay system. 
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1 - Wrangell 

2- Spun- 
S- Redoubt 

4- liiamnB 

5- Augustine 

6- tCatmai 

7- Novan^ita 



8 - Trident 

9 - Mageik 
10- Martin 
11 - likinrek 

12- Chiginagak 

13- Aniakchak 

14- Veniamin^ 



15 - Pavlof 

16 - Shishaidin 
17-Westelahl 
18 - Akutan 

IS - Klakyshin 
20-Bogo9ior 
21 -Okmok 



22- VsevicSof 

23- Kagami! 

24- Cariisle 
25 - Cleveland 

26- Yunaska 

27- AmiAta 

28- Seguam 



29- Korovin 

30- Great Sitkin 

31 - Kanaga 

32 - Tanaga 

33- Garei<^ 

34- UttJe Sitkin 
36- IGsks 



Figure 1. Volcanoes along Cook Inlet. Alaska, that have shown activity in the last centaty, including Mt. Sparr (2), Redoubt Volcano (3), 
IHanma Volcano (4), and Augustine Volcano (5). Source: Alaska Volcano Observatory. 



WIND PROFE^ER 

A wind-profiling Doppler radar observes the weak 
back-scatter from turbulent inhomogeneities in the atmo- 
spheric radio refractive index. The ultra high frequency 
(UHF) system (405 MHz) is suited for high-resolution, 
clear-air wind observations from 1 km to 16 km producing 
data every 6 minutes that is arranged into hourly, vertically 
averaged wind profiles (Balsley and Gage, 1982). Many 
studies have been made of the precision of profiler wind 
measurements. Thomas and Williams (1990) report that, in a 
comparison of profiler and rawinsonde (balloon) winds, the 
standard deviation was close to 3 m/s, with m inherent accu- 
racy for the profiler of less than 1 m/s. 

To support the Alaska volcano debris monitoring sys- 
tem, the wind profiler was installed in Homer, Alaska, about 
100 km from Redoubt Volcano (fig. 2) in December 1990. 
The Homer site provides hourly vertical profiles of winds 
near the Cook Inlet volcanoes. Figure 3 shows an example of 
the wind measurements from the Homer profiler. Other pro- 
filer sites are proposed for Talkeetna and Middleton Island, 
Alaska (fig. 2). These two sites will give hourly vertical wind 
profiles at locations downwind from the Cook Inlet volca- 
noes. These sites will also provide winds along two major 



air-traffic corridors over south-central Alaska that have rela- 
tively poor upper-air network coverage (fig. 4). 



C-BAND RADAR (5 CENTIMETER) 

Ground-based radar observations and calculations can 
provide significant information on estimating (I) the height 
of the eruptive column above the volcano, (2) the m^aximum 
vertical and horizontal dimensions of the ash cloud down- 
wind, and (3) the location and horizontal velocity of the ash 
cloud. NWS radar observations of ash clouds from. Mount St. 
Helens demonstrated that weather radar (5 cm) can yield 
timely information during and following volcanic eruptions 
(Harris and Rose, 1983). However, there are some con- 
straints. 

One- to lO-cm radars sometimes cannot discriminate 
between ash clouds and meteorological clouds and rain tar- 
gets (Stone, this volume). Thus, on cloudy, rainy days, ash 
plumes may go undetected by weather radar if the radar is the 
only source of detection. In addition, once an ash cloud is in 
the dispersed stage, particle sizes may be too small to be 
detectable by radar. Radar must be used in conjunction with 
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other observational measurements to be an eifective data 
source. 

In October 1990, a 5-cm C-band radar was located in 
Kenai, Alaska, approximately 90 km from Redoubt (fig. 2). 
The radar is mounted on a modified recreational motor home 
and is portable. The unit can be moved rapidly to optimize 
observations of the other volcanoes in the Cook Inlet area. 
Data from the radar site is sent, in real time, by telephone to 
the forecaster in Anchorage for display on remote monitors. 



HIGH RESOLUTION PICTURE 
TRANSMISSION PROCESSING SYSTEM 

NOAA/TIROS (National Oceanic and Atmospheric 
Administration — ^television infiared observing satellite) 



polar-orbiting satellites have been used in some cases to 
detect and track ash clouds utilizing a number of instruments 
on the platform. Advanced very high resolution radiometer 
(AVHRR) visible and infrared imagery have been used to 
track volcanic clouds in Alaska (Holasek and Rose, 1991; 
Schneider and Rose, this volume) and southeast Asia (Prata 
and others, 1985) using standard methods to track meteoro- 
logical clouds. Infrared imagery has been used to discrimi- 
nate volcanic clouds from ordinary water/ice clouds utilizing 
two signatures in the brightness temperatures (Prata, 1989). 
The first signature is based on the emission characteristics of 
silicates in the ash cloud. Silicates have a lower emissivity 
at 11 fxm than at 12 iim where water/ice show peak emissiv- 
ity. This effect is seen as a negative temperature difference 
between channels 4 and 5 of the AVHRR instrument. The 
second signature is a lower emissivity for sulfuric acid 




ilgure 2. Location of remote-sensing instrumentation of the Alaska volcano debris monitoring system in relation to the four volcanoes 
along Cook Met. 
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Figure 3. Hourly vertical profiles of wind from the Homer, 
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Figure 4 Location of the uppcsr-air (rawinsonde balloon release) 
iM^w(»i m Alaska. 



Hjere are other operational mstruments on-board ttie 
NOAA/HROS poIar-orbMag satellites liiat have potemisd to 
support the monitoring and tracking of volcanic plumes. The 
TIROS observationai vertical sounder (TOVS) on the polar- 
csbting satellites dsouM be to provide cmsikte^ie 
information on volcanic ciouds asd conditions around them. 
TOVS consists of a high-resolution infirared radiation 
KKoader (HIRS) fliat cmtans 20 iuiraried chantjels asd a pas- 
sive microwave sounding unit (MSU). TOVS also provides 
vertical profiles of temperature, moisture, and geostrophic 
wind dowa to &e sirfox in areas of ao clouds. IMs data cm 
be used to estiaa^ &e msxsxmm. ka^t aad trajectory d 
clouds. 

A high-resolution image-|»rocessing system (HIPS) was 
installed in Anchorage, Alaska, in June 1991 (fig. 2). The sys- 
tem includes a tracking antenna located at the international 
airjKSt, m lngest/syac&r<»iizaiios con^ter, a tmm proces- 
sor, and four workstations at #® feree Alaska forecast offices 
(Anchorage, Juneau, and Pairtsaaics) »d 4e Center Weather 
S«:vice Unit in Anchcsage. Eighteen polar-orbiting passes 
over Alaska can be processed to produce at least 12 satellite- 
image products per pass; these are distributed via the Alaska 
region operational communications network (ARC-NET). 
The HIPS system was also designed to ingest data from other 
polar-<Hbitiag satellites, including those of the defense mete- 
orological sattUite program (DMSP), to iiKHKise coverage so 
tihat aa in^^ is^ avaiMsie ovw asy given point in Alaska 
eray L5--2 hows; ^S^ aKsM-coveE^e fix ^HIRS is within a 
1,500-km radius from Anchorage. 

Satellite data are displayed oa w<Mrk$taiions, and inter- 
W&vt stoftwans afilows for cbmi^efe figfel m^iikilatiEon of 
the imagery and sounding data, including animation, graphic 
ovalay, cartographic projections, multispec&al classifica- 
tioa, wmdswi!^, amd Ml cdbr siismsmKmt. 



COMPUTER, COMMUNICATIONS, 
DATA INTEGRATION, ANB MODELS 

COMPUTER AND COMMUNICATIONS 
NETWORK 



droplets or acid-coated particles (11 }m) when ccsn^^red to 
water/ice particles (12 ^m). 

The high S|Krtial resdution of ise NOAA/HROS polar- 
orbiting satellites (1 km), their great spectral range, and 
frequent coverage make these satellites a significant monitor- 
ing aid tratcktag tod over Alaska. At low laiitt»ie$, the pdar 
orbit limits the view of the same point to only four times per 
day for two satellites. Because the orbits of the satellites are 
i»ar polar and son synchronous, dieix cM-bital paths tend to 
ccaiverge at the poles, and, in the higher latitudes, coverage 
caffi be up to 18 passes per day from the same two polar 
satellites. 



To insure the qptimszation of the NWS Alaska 

computers and communications to handle the large volume 
of data from the volcano monitoring system and the gridded 
(tea se^ from various jH-edBction mofels, tie j«xt- 
generation Alaska region operational computer and commu- 
nications network (ARO-NET) was developed and made 
qpearafkBiai m Oc«bcr 1991 (fig. 5). Computer standards 
such as UNIX (OSF/I compliance), X- Windows (Motif), 
and IEEE 802.3 Ethernet with TCP/IP network protocol 
have been seated to miimnize the difficulties inherent in a 
heterogeneous computer environment. This allows a numb« 
of different kinds of computers to be used as workstation 
and C(Xipkd wilh an advamsd wi(k- and iocal-aiea nc^CHk 
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HIPS I 1 HiPS 

WORKSTATION i | WORKSTATION 



Figure 5. Scbem^c of Alaska repeal opemiortal ojmputer and comtminicatioiis n^oric (ARC-NET). JNU, JuiKas; FAI, Fsditaaks; 
ANC, Anchorage; NMC, National Meteorotogical Oaiter, CWSU, Cemrd. Wealher Service Unit; HIPS, higfe-resototion Im^e-processiag 

system; GRIB, gridded binary fonsat. 



to integrate data from a combination of sources. New RISC 

(reduced instruction set chip) asaputers are used as applica- 
tion and file servers on the network, and high-speed digital 
communications lines (56 kb) have been incorporated to 
handle the increased volume of data. 



paths). The forecaster wil! place observed winds from tiie 
profilers, satellites, rawinsonde balloon releases, and other 
observations over the streamlines. This overlay capability 
will assist the forecaster to initialize, v«ify, or adjust the pre- 
dicted model winds. 



INHJGRATED DATABASE 

The data from the Alaska volcano debris monitorieg 
system, integrated with other conventional data sources in 
Alaska, provides the forecaster with a power&l tool to assist 
in producing effective and timely forecasts. Comparing the 
integrated database to digital predictive-model output fields 
and adjusting the model when necessary will provide the 
forecaster with capabilities never available in field offices in 
the past. As an example, during eniptive events, forecasters 
will have available forecaster-sdected, multilevel winds 
valid at 3-hour intervals from the time of inidal eruption out 
to 12 hours, and thereafter every 6 hours out to 72 hours. 
These constant-height winds will come from gridded, digital- 
model output and can be displayed as streamlines (wind 



ASH DISPERSION MODEL 

The air resources iaborat<Hy of NOAA is developing a 
four-dimensicasal dispersion model for airbone volcanic 

debris (Heffter and others, 1990; Stundcr and Heffter. this 
volume). This model will utilize wind data from the technol- 
(^ies described above as well as inputs from NOAA's fore- 
cast systems laboratory mesoscale analysis and prediction 
system (MAPS) and National Meteorological Center (NMC) 
boundary-layer forecast meteorolc^ical fields. Designed to 
serve avis^on and local forecasting, MAPS over Alaska will 
define the tropospheric and lower stratospheric wind fields 
every few hours after eruption. Over the longer term, NMC 
forecast winds will be utilized. In addition, satellite imagery 
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will provifte information on fee locauon and horizontal 
extent of the ash cloisJ. The C-band radar will su^y i0itial 
vertical height and direction of the ash plume at the volcano. 
The dispersion model will forecast concentrations and depo- 
sition of vokanic <feisris for ftjiecjst periods Iran OTptlon to 
139 to 48 hours. The model shCHiM be msdy far qp«stioaaI 
use in iate 1992. 



SUMMARY 

The 1989-90 oufMions of Redoubt Volcano have 

resulted in the establishment of a volcano debris monitoring 
system to improve the accuracy and timeliness of NWS fore- 
cast warnings and advisories to the public during ouptions 
of Alaskan volcanoes. The long history of frequent erup- 
tions from volcanoes along Cook Inlet clearly indic^es that 
fatmt emptims are inevitable. 

It is anticipated ftat improved forecast products will 
have their greatest impact on aviation safety in the Cook 
M»t region. Because ash is not possible to detect during 
fligjst with p%se»t onboard sensors, effective and timdy 
warnings will allow aircraft to avoid ash clouds. 

niese rowe accurate fotecast prodacs wii! be in both 
alphanumeric and graphic form. New products will include 
a graphical advisory, four-dimensional trajectories, and 
descriyptive statmem to tite pi^lk; and emexgemy' 
management agemes. 
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ABSTRACT 

This work uses nuus^nk!^ models that simulate ash 
dispersion to quaatify d» tezmd to aireiaft flying into a 
volcanic plume. Mt Vesuvius, Italy, which last erupted in 
1944, was chosen as a test case by virtue of the generally 
good knowledge of its eruption characteristics and because it 

tfi an ss&iL wi& heavy mt traffic. Hie akport of Napoli- 
Capodichiso is locked aJjoat 10 km from the crater. 

The omiania) size of as ash-producing erupticsi at 
VesHvim was e^im^ed on Jhe basis trfa behavior mo^i fiiat 

assumes that eruption size and explosiveness will increase 
with increasing repose time as a consequence of a roughly 
constant rstfe of supply of mafic magma to a shallow naagma 

chamber. A three-dimensional mode! was used to simulate 
the transport, dif &sion, and fallout of ash and to compute ash 
concentration m the spsK^e surroanding fes v<icano. The sim- 
plifying assumptions about the erupting column structure, 
the neglect of long-distance effects (e.g., Earth sphericity), 
|»revi<^ sut^kai smtslatkas w&c^ a rsmge <£ appli- 
cability of the model from 10 km to 4CX) km from the vent. 
The computed spatial distribution of ash allows aa estima- 
tion of di^x»sed mass in a giv^ akway and rq»^nts a 
method to evaluate, for an impending eruption and for an 
assigned wind profile, the minimum safe distance from 
Vesuvius. The model wss used to build a djiee-dimoisional 
hazard map, which m:^issssm!& a^ja<k for air tsaffk 

in the area. 



INTRODUCTION 

Volcanic ash clouds represent a real threat to aviation 
operations (Scarone, 1987). Ash clouds have caused several 
near disasters in the past decade: Example iiMdude fiie 24 
June 1982 eruption of Galunggung Volcano in Java, and the 
15 December 1989 eruption of Redoubt Volcano in Alaska. 



in both cases, a Boeing 747 passenger airplane encountered 
a ctoud of volcanic ash prodbced by an &mp&m iiat 
occurred several hours earlier. Ash ingestion caused all four 
engines to shut down, and engine restart was not possible 
iratii iie ^BCi^ &tSiSX^i&s& mt oi the ash cloud. B<A ainxaft 
suffered extensive damage to their engines and exterior sur- 
faces (Przedpelski and Casadevall, this volume). 

Otte volcanoes that have had an impact on flight <^3er- 
ations are St. Augustine, .Alaska (Kienle, this volume); Etna, 
Italy; Mount St. Helens, Washington; several Japanese vol- 
canoes (Ono^ra md Kamo, this volim^); Fm^^3fy>, HtiUp- 
pines (Casadevall and De Los Reyes, 1991); md several 
volcanoes in Indonesia. In this report, attenticHi is focused on 
Veswvios Vdbaao in ftaly, bat ihe afproach can be used for 
other case studies. 

Vesuvius was chosen as a test case owing to the gener- 
ally good kiM5wie%e of its erafrtiari chaars^l^stics and 
because it lies in an area with heavy air traffic. The volcano 
erupted most recently in 1944. The airport of Napoli- 
CapodicMno Is located about 10 km &om tie cr^ and the 
radio beacon of the Sorrento Peninsula, an importaat air 
node, is about 25 km from the volcano (fig. 1). 



ASH DISPERSION 

When a gas-pyroclast mixture erupts from a volcano to 
form a convective eruption column, the distribution of ash 
particle* during fallout is controlled by the dynmics of the 
oui^ve column itself and by the wind regime (Self and 
Waiker, this volume; Sparks and others, this volume). The 
ftsmer c<»>trols the proxiaial distribtitioii g$ pasEticles, while 
the direction and speed of the wind determine distal ash dis- 
tribution. To simulate the dynamics of falling particles in the 
air in this wind-controlled region, a continuity eqaatioa has 
beoB used for each settling velocity class, i (Amika& mi 
<«!mcs, 1988; Macedonio and others, 1988): 
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9c ac, 

— ; + y — 4. £/ 



a^c, 



aV, 



(1) 



w&sare 

Ci(Ai3^z,f) is the concentration of the particles with set- 
tling velocity class i, 
Ux and Uy are horizontal componemts of wind, 
Vsi is the settling velocity of class i, 

Kx, Ky, tmA Kz isce atmospheric diffusion coefficients, ar4 
Si is the source term {the particles of settling velocity 

class i that leave the convective column per unit 

time). 

The above continuity equation was solved by a numerical 
scheme that accounts for complex wind data and mass erap- 
tioR rates. 



"7^ 




aaKiLOMETERS 



Figure 1. Air routes in the Vesavim ana. Terrain elevation shown 
by solid-line contours in 1,000-m intervids. Solid straight lines indi- 
ct aiiways. VQR DME, a type of drway navigatiosid aid. 
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Figure 2. Tea-year-average mean wind directions and mean wind 
speeds as a fonction of altitude. Recorded at Briadisi, Italy, during 
samnjcr and autumn-winter-spring (shown in fi^re as "winter 
wind^. After CmxM mi c&ssss {1983). 



For the case of Vesuvius, information concerning 
the wind has been derived from a record of obsovasions 
by the Servizb Meteorologico deirACTonautica MiKtsffe 
Italiana over a period of 10 years at Brindisi, located 300 
km east of the volcano. These data allow the recognition 
of two differraat seasonal wind profiles: a summa fidd 
and an autumn-winter-sfaing field (Coaradll and a&i&s, 
1983) (fig. 2). 

The horizontal and vertical diffasicm coeffidents 
depend on the temporal and spatial scale of the j^osomena. 
For example, if the ash particles are settling ftcm great 
hei^te and wifli low velocities, tuitwlent eddies of increas- 
ing size have to be considered in the model, with a conse- 
quent effective increase of the diffusion coefficients. Mean 
v^ues <rf 2,000-3,000 tn'Vs far hmzmtsi di&sion codHi- 
cients are expected near Vesuvius. These values have been 
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efflpacaliy derived by tiie simulations of the 79 A.D. Vesa- 
vtasemirtion (Macedonio and others, 1987, 1988). 

For the model eraption treated in this report, the total 
enijptiWe mass was estimated to be 2x ! 0^ ^ kg; fecmass erap- 
tion rate was estimated m. 9.3x10^ kg/s for an eraption last- 
ing 6 hours (Macedonio and o&ers, 1990). Usisg tie model 
of Wilson and Wafiassr (19&l)i a ooimm im^t <tf 1 3 ksa fa 
calculated. Tbe gi»ia size df &e ^yrockstic imtides foave 
been asssimed to be amiar to ii^ of Hiniaa iiia% of tSw 
eraption of Vesuvius in 79 A.D., and fee vertical density dis- 
triisjtion of ash in llie ascending column has been derived by 
iie theoretical model of Suzuki (1983). Hie settling velocity 
has been derived from shape and density information of 
I^roclasts using the expaimeatal data from Wilson and 
Huang (1979). Hese data have b^n fitted by a liii»:ti<»t 
Co = a/R 4- b, which gives the aerodynamic coefficient, Cp, 
as function of the Reynolds number. R (fig. 3). 

He pyroclastic material was grouped into nine class« 
of settling velocity, Vs (1 to 9 m/s). In order to reduce 
computational time, particies with Vs<l m/s were grouped 
into class I and Ihose with ¥s > 9 m/s wisne gtooped into 
class 9. nils assumption does not involve dramatic approx- 
imations: in fact, with regard to fast-falling particles, figure 
4 shows fihat only about 10 weight peacent of the ^pted 
mass has a settling velocity greater than 9 m/s. With regard 
to fee slow-falling particles, about 16 weight percent of the 
tsM mass has se^sg velocity lower than 1 m/s. Hbwever, 
due to electrostatic attraction, fine volcanic ash commonly 
tends to aggregate into clusters (Sorem, 1982; Gilbert and 
oims, 1^1), w'A ty^cai s^ag v^ocity in iie range 
0.3-1.0 m/s. In addition, surface tension of condensed 
water that envelopes ash particles may also play a roie in 
feoBiag relatively large aggregates at the expense of very 
fine grained material. Very slow settling velocities are, 
therefore, scarcely represented (Carey and Sigardsson, 
1^; Amieati mi oiias, I^>. 
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SETTLING VELOCnX IN METERS PER SECOND 

f%Bre 4. Selling velocity, Vs, plotted agaiim flie ^Bstribiaion of 
particles (in wei^t percem) f<x expect eroptlcm. 



WMEMCAL RESULTS 

From an analysis of the numerical soktlcass of equation 
1 , utilizing tfie input data described above, it results feat, at a 

given poirit in space, the concentration, Q, of the particles 
belonging to settling velocity class i ris^ from zero to a con- 
stant value in a "stabiliration time," Tsi, which varies from 
point to point. Figure 5 shows the stabilization times for fee 
total mass (concentration integrated over fee spatial domain) 
di^jersed into the atmospljere for feree classes of settli^ 
velocity. The faster the falling velocity of the {^cctbles, fee 
quicker fee stabilization time. Because fee du»ti<»i of fee 
model m^i^H is finite 0ij this examn^ 6 hcmts), fee mass 
in the spece da;reases to zero after a certain time. The data 
of figure 5 refers to fee summer mean wind profile (Cornell 
and (Men, 
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Figure 3. Dr^ a»efficient (Co) versus Reynolds number (R); 
interpolating carve ^own. Data from Wilscm and Huasg (1979). 



Severn simulations were performed to investigate fee 
volcanic hazard m sircrsft ficaveling along the portion 
of airway UG8 between Sorrento and Teano. This route 
passes 20 km west of Vesuvius and carries heavy air traffic 
(fig. 1). For bofe dominant summer and winter winds, this 
route is located upwind with respect to Vesuvius. We have 
taken into consideration an aircraft traveling at an altitude 
of n km wife a velocity of 250 m/s. At this altitude, fee 
differences between fee velocities of the mean summer and 
autumn-winter-spring wind profiles are small (< 10 percent, 
fig. 2). To evaluate fee tims oi j^rticles feat may enter 
fee j« engines, an engine air fitix of 3(X) kg/s/m^) was 



Figure 6A shows fee oancffltrtmion of ash encoun- 
tered by aircraft flying northward along the UG8 airway, 
leaving Sorrento at different times after fee beginning of 
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figure S. StabilizatioB times (horizontal axis) for the total mass 
(concentration integrated over the spatial domain) dispersed into 
the atmosphere for three classes of settling velocity (I m/s, 3 m/s, 5 
m/s). The faster the fatting velocity of the particles, the qaicker the 
stiilMiakm dme. Becau^ <tetCion of 3>e model m^m k 6 
hours, the mass in the airspace decreases to zero after a certain time. 
He emulation was carried out using the summer mean wind pro- 
fiks fam C^xnea aod odsexs (1983). 



iKs mii«i(»i. FIgBFes 6B mi 6C diow Ibe ssh mm flax 

and the ams of ash entering a jet engine per unit inflow 
aiea. F%ih«s 7A-C show concentration, mass flux, and 
cdiected noiass (pa: mit mSxm area <^ the eagim) m 

same conditions as in figure 6, but wife a wind profile 
rotated 180° (here referred to as the downwind case) to 
accooBt fi»r tl» *1niaxirDHin fsamd" aloag tihe UG8 route. 
In the "upwind" case, a low hazard exists for the UG8 air- 
way. In fact, after the plume concentration has reached its 
maximum (T > Ts) the maximum ash concentration aloaog 
the airway is 1.5x10"^ g/m-^, which results in a mass flux 
within the engine of about 0.5x10"^ g/s/mh the mass col- 
lected by each engine is about 0.01 gto^. On the other 
hmd, a vesy hazard exk^ m fihe case ai wei^ward 
\raids (die "downwind" c^). For an akcraft leaving Sor- 
rento in steady-state conditions (T > Ts), the mass of ash 
coUectt^ per meiEer squared is more than 30 kg for the 
B^t &sm bemem Somsnto md Teaao. 



HAZARD MAP 

A hazard map for the air traffic in the Vesuvius area \m 
been derived by using the expected eruption rate determined 
in previous woils (Smtacnx^ 1%3; Macedonio and others, 
1990). The map was constructed by carrying out about 3,000 
different simulations, one for each wind profile recorded 
during a period of 10 y«m, aadt ttej WEEpaing the proba- 
bility that the spatial cmcemseAoa at a given point is greater 
than a given threshold. To redace aanpitational time, vexd- 
cal diffusion was neglected and^sl^'Sje steady-stale 's^- 
tion of the continuity equation was considered. 

Figures SA-C are hazard maps for three different ash- 
cc»K:^trad<»!t>di^hold values: 10"^, 10"^, and 10"^ Scg/m^. 
These values correspond, for the portion of the UG8 route 
affected by dispersed ash, to masses entering an engine of the 
order of 0.1-1.0 kg/m^ of engine inlet cross-sectional area 
for an aircraft flying at 250 m/s. The areas of equai probabil- 
ity, referring to spatial concentration hi^er than the given 
threshold, widen toward the pmM as a oomeqmt<:» of tie 
longer time avaiM>ie far dispersion processes. 



CONCLUSIONS 

A dififosive-Jdvective model was used to simulate tiie 

dispersion of a volcanic plume in the range from 10 km to 
400 km from Mt. Vesuvius. The spatial concentration evalu- 
ated by the model permits estimation of the hazard from vol- 
canic ash for aircraft flying in the area. This approach may 
be applied to other volcanoes, assuming feat information on 
wind vdocities, atmospheric diffusion coefficients, mass 
ertiptioii rate, and particle settling velocity distribution are 
known. Givea tlie size of the eruption (total erupted mass, 
column height, setding velocity (fistribotioR of paitickis. 
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Fig^ire 6. A, Ash concentration encountered by an aircraft flying northward along airway UG8 at an altitude of 1 1 km leaving Sorrento 
at different times, T, after the beginning of the eruption (upwind case). Ts, "stabilization time" for lower settling velocity class. Times shown 
are: r = 0 (onset of eruption), T = lISTs, and T = 7i. B, Mass flux encomtered by aircraft described is A (upwind case). C, Total mass of 
®D£anBg m engine (upwind case). 



etc.) and a wind profile, the cumulative and instantaneous 
mass of volcanic ash can be computed for a given air-traffic 
route. This makes it possible to estimate the minimum safe 
flying distance from a volcano. Given the wind regimes In 
of interest, a hazaord stap cm be prodiK%d and used 
ccaismict air-traffic m active vokanic areas. 
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fl^tare 8. Hazard msps His^ show a ccmUHuittg of the prc^jability (betw^ 0 and 100 p»c«it) timt d» ash concentn^on at a given p<mc 

be above a fixed threshold value. These maps are constructed by considering about 3,000 different simuiations, one for each wind profile 
recorded daring a period of 10 years. Results for three different threshold values are shown: A, 10"^ kg/mh B, 10"^ kg/m^; C, lO"'^ kg/m^. 
These vatoes rraalt in oimulative masses of fte order of 0. 1 -1 .0 kg/m^ entering an engine of a jet iraveling at 250 m/s akfflg airway UG8. 
TTie outer aaacair in each horizontal plaiK rqaeseists a probability of 1 0 isercent Each successive contour refers to an iMease of 10 percent 
in dte pt^)abiUty vab^. Scates <hi h(nta>ntid[ {^iaoes in Mi<»»e^. 
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USING A PERSONAL COMPUTER TO OBTAIN 

THE 1989-90 ERUTOON OF 

REDOUBT VOLCANO, ALASKA 

By Thomas L. Murray, Craig I. Bauer, and John F. PasMeviixjh 



ABSTEACT 

The Alaska Volcaso Observatory (AVO) and the 
Anchorage Weaker Service Faecast Office (WSFO) obtain 
p^dic^ |te)e teajectoiies daily fcr Rwioiilrt Vdcano, 
Alaska. A mcxfel developed by the National Oceaaic and 
Atinosi^ric Administration (NOAA) Air Resource hatoxz.- 
tcay calculates predicted plume trajectories. He nsodel, 
ninsing on NOAA's NAS/9000 mainframe computer in 
Suitiand, Md., uses forecast wind fields obtained from die 
^fOAA N^oaal Meteorological Cbnter. Ute mode! 
m^iired and forecast winds to predict the path of a 
weigfefless particle released at various pressure-altitudes 
above a specified location. He pafiis w&as^ fee general 
direction and sp«»d ^iat ash ftam. m eruption at AM locadon 
will travel. 

In r^pon^ to fte !98^-90 Redoubt eruption, we pro- 
grammed an IBM-XT-style persona! computer to automati- 
cally dial the NAS/9000 mainframe computer and obtain the 
predicted trajectories. Twice daily, after the predicted wind 
fidds are updated, AVO and WSFO can easily collect and 
pk^ iie trajectories predicted for the next 72 hours. Thus, fte 
trajectories are imm«Sateiy available in the event an 
eruption should occur. The predicted trajectories are plotted 
on a map of Alaska, showing the predicted location of the 
ash j^ume t& 3-hour intervals diflfcient altitirf^ betw^n 
5,000 and 53.000 ft. The plots are easily telefaxed to 
interested parties. The progrsa has been modified to enable 
the user to detain pmUcted plume trajectories for oitea* U.S. 
volcanoes. 



INTRODUCTION 

Volcanic ash ejected into the atmosphere can cause 
severe {XoWems to JotpJanes and to municipal and indus- 
tria! fadiities, as wdtt as to people on the ground downwind 
fes^ iie v^c«j; Eaowiag wtee ash w^l ttavel i& m<eik to 



mitigating its effects. If notified in time, people in the path 

of the asifdi can tsks pr«;mrtionary measures as complex 
as shutting down portions of a power facility or as simple 
as canceling a dinner date. Coavarsely, in areas unlikely to 
be affedied by ashfaJI, industry can avoid wss^ng resources 
in preparation for ash that is not traveling in their direction. 
In this report, we describe a method to routinely acquire 
predicted wind speais and directions (trajectories) at vari- 
ous pressure-altitudes and to plot and display the data in a 
simple, easy-to-distribute format. The predicted plume tra- 
jectories OHienifly provide the onfy meAoJ iiat pr^cts, 
before an eruption, where ash will be blown (as opposed to 
tracking already-erupted ash). AVO and WSFO took 
advantage of this C£^)2*ility and infcHtned oSier agencies 
daily as to where ash from Redoubt would go if the volcano 
were to erapt In the event of an eruption, the predicted 
plume txajectocy, having bean i^crtfed earlkr, is ready for 
immediate use, thereby saving valuable time. 

During the Redoubt eruption, plots were especially 
useful to &e aviatiion indusfiry. Hiey were sent daily to 
Anchorage International Airport authorities, who then 
distributed them to the airlines, many of which required 
slseir flight crews to use dioa in Si^ itoniag (Casade- 
vali, k pm). 

DESCEIPTION OF PREDICTED PLUME 
TRAJECTORIES 

A computer model, developed by NOAA's Air 
Resource Laboratory (ARL), provides predicted plume 6ra- 
jectories based on forecast wind fields. The wind fields are 
calculated twice daily by the National Weather Service 
(NWS) from observatos t^en at (XhCK) and 12:{K) Green- 
wich Mean Time (GMT) (Heffter and others, 1990). Using 
the latitude and longitude of the volcano and the time of the 
IrypcAetiaaJ OME^icm, iie model predicts die loca&»is d 
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after they are released into the atmosphere at various pres- 
sure-attitudes above the volcaoo. The model ignores effects 
from gravity and disp«n^<». vokmic ash, file 

model's idea! particles never fall to Earth, but remain at^tfte 
pressure-altitade at which they were released forever. 

to 48 hoars into the future in 3-hour increments. AVO can 
always have the latest predicted trajectories by obtaining the 
pnedicted ttajectoties fiPMn fiws coiBtprter twtee d^y 

after the latest weather observations are processed. Owing 
to the time required to process weather observations and cal- 
culate the predicted wind fields, the latest predietimis are 
typically available about 3 hours after the actual measure- 
ments, at 03:00 and 15:00 GMT (or 18:00 and 06:00 AST). 



computer hardware and software unavailable in 1980. The 
necessary equipment consists of an IBM XT (or compatible) 
p«s<Hiaa cojnfmter, a 1 ,2X>-bs8jd Hi^es-conrqjatibie modrafi, 
a printer, the software package PROCOMM Plus (for 
communication with the NOAA computer), and Geograf 
Utiities (lor &e scmm mi pEiater gF^hks drivm). Users 
initiate the program with a few keystrokes and are prompted 
to answer a few questions. Then the program dials the 
NOAA liAS^OOe c<«spa«ear in &iiflaiid, Md., mm tie 
plume trajectory program for various hypothetical eruption 
times and pressure-altitudes, logs the data on the XT, and 
finally produces plots of the paths of the predicted pl«me 
trajectories on the user's printer. The entire process takes 
less than 20 minutes. 



OBTAINING PRIPICMD PLUME 

TmAMcrromms 

Predicted plume trajectory plots were first used to pre- 
dict trajectories of volcanic ash daring the 1980 eruptions of 
Mount St. Helens, Washington (Miller and others, 1981; 
Smith, 1980). At that time, the technique to acquire 
trajectories was time coBSOming, r^uiriog the full aHaion 
of a person for an hour or more (E, Brown, oral CMramun., 
1 99 1 ). As Ae fevd (rf SK^ivity ^ Mcmfflt St. Hdem <fec!ined, 
the U.S. Geologkai Survey disc<MfliBBed dJtaiaing plume 
trajectory data. 

In 1988, NOAA signed a memorandum of understand- 
ing^ with the Federal Aviation Administration (FAA) to 
provide the FAA with predicted plume trajectories (Heffter 
and otifi€TS. 1990). During the 1989-90 eruptions of Redoubt 
Volcano, NOAA provided trajectory information to the FAA 
within I hour of NCAA's notification of the eruption and 
typically within 3 hcmrs of the actual eruption (Eeifm and 
others, 1990). Because an ash plume can move hundreds of 
kilometers during a 3-hour delay, AVO and the Anchorage 
WSFO felt that they needed trajectory information more 
quickly in order to issue timely warnings. Ideally, the 
trajectory information would be available before an eruption. 
This would allow AVO and WSFO to concentre on fte 
myriad other tasks involved in monitoring an eruption (data 
analysis, notifying interested agencies, answering media 
inquiries, ete.) and wcaild avoid using personnel phmie 
and computer resources during an eruption to obtain the 
information. It would also allow AVO to include the infor- 
mation in daily apd^ seal to varioia public s^enci** and 
other users, including the aviatio.i community, that could be 
affected by ashfalL Finally, it enabled AVO and WSFO to 
have the information ready i<x immediate distritxition 
should an eruption occur. 

In order to acquire the plume trajectories daily, even 
when- ftere was !itt!e 'dhistecfe of an enpidn, tfii'p^WM^ 
to be simplified, or, as was the case with Mount St. Helens, 
it would fail into disuse. We were able to do this by using 



PLOTS OF PROJECTED PLUME 

Following file format of Smith (1980), trajectories at 

different pressure-altitudes for a single hypothetical eruption 
time are plotted as a map on a single 8 Vi-by-1 1-inch sheet 
map shows ihe pa&s traveled by ideal particles released 
above the volcano at different pressure-altitudes at the hypo- 
thetical eruption time indicated on the plot (figs. 1 and 2). 
Symbols along the pz&s indicate positions of the particles at 
3-hour time intervals. Stronger winds will blow the particles 
faster along their paths, and the symbols will be spaced cor- 
ns^pcHidingiy ferliier impart ftaa fear light wimfe. By i^otting 




-3 = 10,000 n 
* = is.c 

& = 23,000 FT 
30,000 FT 
39,000 FT 
s = 55.0C'0 FT 



on DATA OCilEClS) 
CH:flOAST 

27 fm^. 



Figure 1. Example of predicted plume trajectories plotted over 
the State of Alaska for a hypothetical eruption begiriSing at (X):CX) 
Alaska Standard Time (AST), February 28, 1990. Cordova (CDV), 
McGrath (McG), Fairbanks (FBX), and Anchoisgfi (ANQ ait ap- 
proxkigdy iocaed Traj^^ 

ious pressure-^iiaides above Raloubt Volcano are ploacd. 7b& 

location of the symbols on the trajectory paths indicate the positions 
of the ideal particles at 3-hour intervals after eruption time. 
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all trajectories on a sto^e map, the user can quiddy vi$udi2» 
where the ash is likely to go without paging back and forth 
between seven plots of trajectories at individual altitudes. 

data are plotted on ms^. of two different scales. One 
covm Alaska (fig. 1), and the ^xmd oov&m Cook lolet iBid 
surroundiflg areas (fig. 2). 



USE OF PREDICTED PLUME 
TEAJECTOKIES 

Users of the projected plume trajec^ries must under- 
stand that the trajectories give only a general indication of 
where ash will travel The accuracy of the trajectories is lim- 
ited by the accuracy of the predicted winds and the model's 
assumj^on of a weighiiess, dimeiisionless {^cle. For 
instance, fte plots always show a travel patii ext^ding for 24 
or more hoars for an ideal particle. Users need to be 
informed that, although they may lie in the path of the ideal 
E^rticle as isdsss^ by the plot, gravity will likely cause flie 
actual, non-ideal ash to setde b^ore it reaches than. 

The model also does not consider the effect of disper- 
sion of the ash as it travels along the trajectory. Users should 
not be fooled into thinking that they will not be affected by 
ash simply because they are not located directly on the line 
predicted by the model. Until current research (Sparks and 
others, this volume; Stundter aad Heffter, this volume; 
Tanaka, tiiis volume) is incorporated into the model, we sug- 
gest qualitatively defining the area thai msy be affected by 
askasm sicoi ±30° sSmg the tra^ntpiy as it travels away 
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Figure 2. Example of predicted ptarae aajeoories in figure 1 
plotted over a map of Cook Inlet sanw{K£»^ areas for a Itypo- 
tifefical era^ffls b<^irBsiiig at QO-M AMkz Standard Tmt (AST), 
Febnsary 2S, 1990. Cordova (CDV), McGrath (McG), Fairbanks 
(FBX) and AiK^orage (ANC) are approximately located. 



from the volcano. This would also allow for inzKxaracies in 
the predicted trajectory. 

For small to moderate size eruptions, sik* as those at 
Redotrtft, iie si^r factor in flae p^'s wcairacy is the accu- 
racy of die jaedicted winds. R^er than focusing attention 
on one plot at a given altitude, users should look through the 
suite of plots for each day to develop m ides of the stability 
of the wesaher system. Stable systems will generally have all 
trajectories for all altitudes, except perhaps 5,000 ft, travel- 
ing in about the same direction. The effects of the 5,000- ft 
trajectory are usually ignored both because the erupting 
vents at most volcanoes are usually above 5,0CK) ft in altitude 
and because they usually eject ash into higher altitudes 
where the winds are generally stronger. For stable systems, 
where the winds above 10,000 ft blow in the same general 
direction throu^out the day, we feel the accuracy of the pre- 
dicted winds to be quite good. Such was the case for the Feb- 
ruarv- 24, 1990, eruption of Redoubt (fig. 3). On days when 
the winds change or even reverse direction, it may be diffi- 
cult to predict with any certainty where ash will travel (fig. 
4). It is best to err on the side of caution during such times. 
Heffter and others (1990) provide a more detailed analysis of 
the accuracies of the teajecteies. 
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Figure 3. Predicted plume ttajectories for the Rsbnsajy 24, 1990, 

eruption of Redoubt Volcano with the actual ground deposition 
(heavy line) outlined (from Scott a.nd McGimsey, in press). Be- 
cause the eruption plume reached an altitude of only 28,000 ft 
(Brantley, 1990), the winds at 39,000 and 53,000 ft did not affect 
deposition. NoKs that the spacing betwwes sjrobols for the 
winds at 18,000, 23,000. and 30,000 ft are more than twice that for 
winds at 5,000 and 10.000 ft — this indicates that the wind speed at 
higher altitudes is more than twice that at lower altitudes. For this 
reason, the pattern of ground deposition was influenced predoms- 
nandy by Ae winds at 18,CKX), 23,0<X), md 30,00) ft Cordova 
(CDV), McGrath (McG), Fairbaanks (FBX) and AiK^ora^ (ANC) 
are approximately located. 
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E^ire 4. Bot lowing the difficui^ ia <!termining where ash 
wii ttavei wtoi wind directions aie expected to change. The 
23,{XW- mi 30,00G^ft dtitudtes sliow fte ash first going noitlE 
iJien curling to the southeast. The winds at 10,000- and I8,000-ft 
^a^^ 03ove the ash south as it falls through those altitudes. Note 
also IbatAe spacing between symbols is significantly less than that 
in figure 3, indacadng that the winds are nauch mikier than on Feb- 
ruary 24, 1990. With this pattern of plunse trajectories, it is not pos- 
sible to say much more than the ash is likely stay in the Cook Inlet 
area (because of the low wind speed) and could affect any or all of 
Cordova (CDV), McGrath (McG), FaMmks (FBX) mi 
Aisdra^ (ANC) are approximately located. 

Major eruptions (such as the June 15, 1991 , eniption of 

Ml Pinatubo, Philippines, or those with strong horizontal 
wind components, such as the May 18, 1980, blast of Mount 
St Helens) are special cases. They can disperse lar^ quan- 
tities of ash in any or all directions for many kilometers 
before piev^liag winds control the path traveled by the ash 
(Self and Wdte, this v<Mm6). 



CONCLUSIONS 

Projected plume trajectories are an important tool for 
mitig^ng imMds associaM wiii ashfall i^ulting fcom 
volcanic eruptbns. This is tie m\y currently used method 



that predicts plume paths before an eruption. By simplifying 
the procedure to obtain plume-trajectory data, we enabled 
AVO and WSFO to obtain trajectory plots on a routine 
tells. AVO inchidW the trajeaoiy inforiMiion in its daiy 
updates that were sent to various governmental agencies 
and businesses (including Anchorage International Airport, 
where aufliOTiti^ distributed &sm to aM 26 cmiets located 
there) (Casadevail, in press). In She event of an eruption, 
projected plume paths were rea^K for immediate distribu- 
tion. TfeiK, AVO mi WSK) were sMe to mtkei Ml oi 
predicted plame tra^t<Kies, both faeftwe and after erup- 
tions. 

We recoimtiraid tibat she ARL model be imiawed to 
inc!tsde the effects of dispersion and gravity on volcanic ash. 
Sudj knprovements would greatly enhance the effectiveness 
of plume trajectories witihcsit adding to die oper^onal cost 
t^ acqukiag thoa. 
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VOLCANIC ERUPTIONS AND 
ATMOSPHERIC TEMPERATURE 

By Reginald E. Neweil and Zhoog Xiang Wu 



ABSTRACT 

Tmper^ure dirges associa^ with volcanic aerosol 

have been studied with radiosonde data siace 1960 and with 
satellite microwave-sounding data since 1979. Radiosonde 
data show ftai temperaftae in the ttopca! lower stratosphere 
increased by aboat 5°C following eruptions of Mt. Agung in 
1963 aad EI Chichdn Volcano in 1982. The microwave data, 
vs*idi five & weagtedteapoiiseto teaapefatere ©f iic low« 
stratosphere, give a zonally averaged temperature increase of 
about L6°C in the tropics for both El Chichdn and Pinatubo 
(whidi erupted is 1991). M ^)iie <rf ISETge <iffai«iKes m the 
amount of material injected into the lower stjaEo^fte-e by 
these three volcanoes, there is little difference in the positive 
teKitpffitstore anomalie&. The possible reasons for these equi- 
librium anomalies are discussed. In the troposphere, temper- 
ature seems to have decreased by about 0.3°- 0.4°C after 
Agung, but it is difficult to be certain that there was any 
volcanic decrease in 1982-83 becaise erf tte CMMXankaat 
occurrence of a large E! Nino, which is alw^s ^sociated 
with tropospheric heating. Atmospheric temperature 
dianges px)duced by volcanic activity are r^|K8isibIe for the 
hrgest tosity changes that occur in and above the tropical 
lower stratosphere. 

On the longer time scale, there is some evidence that 
volcanic activity around the turn of Ae century caused the 
depression of global sea-stirface temperaoire of af^roxi- 
matdy 0.5*C at that time. 



INTRODUCTION 

Important parameters for aircraft flight are ambient air 
temperature and air density, which depend on the variation 
of temperature with altitude. Volcanic activity causes 
chaag^ in atmo^eric temperature patterns smd therefore 
influences these important parameters. 

Volcanic eruptions are clearly not the only factors that 
influence atmospheric temperature. Another major factor, 
which is conaparable in magnitode in the lower atmc»phere, 
is air-sea interaction, particularly as manifested by the 



tropical EI Niiio phenomenon (Philander, 1990). During EI 
Nino, sea-surface temperatures in the eastern equatorial 
Pacific rise to vsMes close to fiiose in die west {= 30°C), and 
the entire tropical lower atmosphere responds by getting 
warmer. The presence of El Nino often makes it difficult to 
iHiravd the inSamce volcanic activity on temporatjire, as 
will be seal below. 

Hie ex^ Biedianifems by which volcanic eruptions or 
S iMo events l«ng tastiperstee dh^es in the trop- 
ical atmosphere are not known. The general mechanisms 
controlling free-air temperature have been presented by 
ISfewell awi (1974) and fall into four broad categories: 
solar and infrared radiative interactions, latent heat libera- 
tion, conduction of sensible heat from the Earth's surface, 
artd ^mospheric motions. The constituents introduced into 
the atmosphere by volcanic activity certainly influence the 
first category, but the other three may also be involved. Like- 
wise, alAou^ El Nifio may involve air-sea interactions in 
v/imM enofgy is transiened &cm the sea to the ak (mo$% as 
latent heat), there are also likely to be contribati<ms kom tiie 
other categories. 

We review here some of the past work relating volcanic 
activity to atmospheric temperature and present some recent 
work that mates use of microwave sounding units on 
satellites for temperature determination that gives, for the 
first time, global coverage of temperature dianges. ThrcHigh- 
out, we will tate cognizance of the varialally of air-sea 
interaction. 



CHANGES IN THE 
TROPOSPHERE— PREVIOUS WORK 

The early work on changes in surface-air temperature 
associated with volcanic eruptions has been summarized by 
Lamb (1970), who also introduced a dust veil index (DVI) as 
an aid to measuring the influence of volcanoes on tempera- 
ture. Before 1900, the data available to evaluate the index are 
rather sparse — this diminishes its value then, as stressed by 
Br^y (1988) in his study of the DVI and ©titer indices of 
volcanic sgAvity. Lamb (1970) recognked danger of 
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circular reasoning whea using DVI data to compare with 
ciimate flucwatiions becaase K>ine of flic earlior DVI 
estimates included temperature change values. Maximum 
teimperature decreases of about l°C were found after large 
«il«ioos {for exanpie Tambana in 1815), him, ss, Laafe 
(1970) stressed, there has been much debate about the reality 
of the reported changes and their geographical extent. Two 
interesting findings by Bradley (1988) were (1) in the 
Northern Hemisphere, the summer and fall months 
experienced die greatest temperature depression, and (2) 
diere was evidence for a small s«x»dary peak ia fte iMigative 



anomalies about 1 year after the first peak resgome. None of 
fte early weak incioded fs«:tors other tfeae volcanic «5tivity 
as dependent variables. 

By 1976, it was known that the influence of volcanic 
a<;^vi^ a^ldb^ be IwMi^toel of the record «f!He^ air 
temperature for the tropical troposphere (TTT) in the altitude 
region from 3 to 10 km by first removing the air temperature 
variability associated wiflj H MBo. This was done usiag a 
time series of sea-surface temperature (SST) from the eastern 
equatorial Pacific (see Newell and Weare, 1976a, 1976b). 
lie a|!proxiii>ai» legressicm e^ci^on reduced to: 
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Wl^arei 1. A, Time series (1856 to 1988) of marine air temperatures (MAT) in the Northern Hemisphere. B, The component of MAT 
(btetoti Hemisptere) d»t is depmdent on turbidity (turbidity is the first factor in a linear regression aim^sis); data from 1888 to 1988 is 
shows. C, MAT residuals aai their trend (Northern Hfemi^here) after sutection of the turbidity compofseat; data from 1888 to 1988 is 
shown. Adapted fifom Wu and o&mss (1990). 




Wf^ssnt 2. A, Tnm sedes of tuii»di^ U Som^lk^, Ambia (see text and Wu aiid outers, 1990 for fudbor explan^on). B, Tbe s(»dh«nn 
oscflMon index (SOI), used to morator H WSo. Obtained from an i^date of eady wodc by Wright ( 1975). C, Lwib's tet veal into (DVI). 
See Lamb (1970). Figure adapted ft(m Ws aad (Khers ( 1 990). 



ATTT = 0.5ASST + 20ATv (1) 

where 

Ty is the atmospheric transmission measured by solm: 
l^otonaeteas at As Ma»a Loa Obsfflrvs«<Hy (kt 

2 PR). 

For the Mt. Aguag eruption of 1963, the transmission 
deaceas&d by about 3 percent and ASST in late 1963 was 
iSxM t%l — ^therefore, the net effect was only about -O.I**C. 
Bat by early 1964, the SST anomaly turned negative, and 
the ]aig(»t tK^icai trqposphere negative smonialy of about 
O.S^C then occurred. Further details may be found in papers 
by Newell (1984) and Newell and Hsiung (1984). A discus- 



sion of tie phase lags is given by Newell and Weare ( 1 976a, 
197^). There was a phase Ug of aboat 6 months between 

the eastern Pacific SST chaise md the TTT change. Newell 
and Hsiung (1984) also £$[^ied this relationship to the El 
Chichdn eruption of 1982, a case for which fte largest phe- 
nomenon of the century up to that time occurred in each cat- 
egory: El Nino was associated with a rise in SST of A^C, 
md tie EI Chich6n aerosols showed atnK>i^eriic transmis- 
sion to decrease by more than 1 3 percent S^di phenomena 
give rise to a net cooling of about 0.6°C whea eguation 1 is 
ai^Ked. Angeil {1988) has t^es tise saone approach in the 
examination of the joint effects of EI Nino and volcanoes on 
air twaperature, including the weighting of 0.5 applied to 
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the SST contribution — he finds that a decrease of TTT of 
aix>iit 0.5°C can be assigned to El Chichdn (he has applied 
more time averaging to the data than was used in our case). 
An obvious flaw in sMs geaeral approach is that the 
wsgressioa peraiB^ers canaot be applied quantitative^ out- 
skie the region for which they were developed. 

We have examined ships' reports of night, marine, air 
temperatures for the past century taken from the Global 
Ocean Surface Temperature Atlas (GOSTA), produced by 
Bottomley and others (1990), and we have relarted the tsm- 
perature variability to teee v»iables (Wu and <Am, 1^0): 
atmospheric turbidity, solar irradiance, and the sotdiiesrs 
oscillation io<^x (SOI), which is an index of s»rfac« pp^saire 
anomalies in the Pacific related to El Mno (Philander, 1990). 
Figures 1 and 2 show the time series of Northern Hemisphere 
air temperalare, the time series of two of Aese variables, 
phis, fcx iliistradve purposes, the DVI of Lmih (1970). 
Using maitiple linear regression, it was shown that atmo- 
^^teric toibidily explained the largest fraction of variance 
for Noithem Hemisphere air tempCTatoes, whereas SOI 
explained the largest fraction for the tropics. 

He turbidi^ used in iiese calculations was computed 
from sunshine records ftiat have long been collected at many 
meteorological stations (Helmes, 1987). In the m.ethod used, 
an image of the son produced by a glass sphere bums a trace 
on a card feroaghoat the day. The Campbell-Stokes stHishine 
recorder was brought to its present form in 1880 (see Stokes, 
1880). Stokes (1880) points out that the color selected for the 
card (Iftiissian blue) gave maximim absorption. The instrn- 
ment as developed then has been used for 110 years and is 
therefore an excellent tool for the study of global-change 
effects. Whem volcanic erafWion cicnids are present, the 
image is only powerful enough to bum the card at a later- 
than-usuai-iime after sunrise or an earlier-than-usual time 
befcHFe sunset. Fkom ibes aia's etevatiioa (a) at first or hst 
burn, the turbidity be otoiiied as follows (Jaenickie md 
Kasten, 1978): 
Tiffbidity (Tg) is ddra«i as: 



bg is fee op&M Mdsue^ d tbe atmosphere for Rayleigh 

sci^^ fiidfu<Sig ozose absori^ion and mtegxs^ 

ov«r 8»e sofa" spectntm, 
m is the relative optical ah: mffis, vMch dbpeods m solar 

elevation angle, 
lo is the irradiance of the extraterrestrial solar constant 

(sl370W/m2),and 
les ss ^ threshold vdm for brnikg to start <= 200 

W/m2). 

Jaenicke and Kasten (1978) show that this relation may be 
aj^ximalied as: 



Tg = c^a + 

where 

C5 = 0.154 In Qt/lcs)' »s deg"^ aad 

C5=1.051a(y/«). 
The turbidity, Tg, so computed is a measure of the number 
of dust-free and dry Rayleigh atmospheres that have the 
sstiie trassmtttmce as observed in Ae real dbst-lsulas 
and humid atmosphere. The variation of Tg is only available 
from a few stations before 1900. Sonnblick (lat. 47°N., 
long. 13*E., altitude 3,106 m), Austria, is one station that 
has tihe jKivant^e of being above the boundary layer of the 
industrial plain of Central Europe. High values of Tg appear 
after the turn of the century accompanying the three large 
volcanic eruptions of 1902 (Mt. Pelee, lat. 15°N., long. 
6i°W.; Soufriere, lat. 13°N., long. 6PW.; and Santa Maria, 
lat. 14**N., long. 92°W.). If the volcanic explosivity index 
computed by Newhall and Self (1982) was used as a crite- 
rion of activity, 1902 had the largest cumulative valtjs in 1 
year during the period from 1883 to 1981, but the volcaio- 
logical record is not complex before about 1950. Thare are 
associated low vala6s of Northein! iiaiiiSpeie^ hsadfle air 
temperature in this high-activity period — this leads to the 
conclusion that volcanism plays a significant role in cooling 
the lower atmosphere and producing this major minimum of 
the past 100 years. Vv^hen the tropical atmosphere is consid- 
ered alone (not shown), marine air temperatures show good 
correspondence wife tiie SOI index, wift turbidity the ^o- 
ond most important variable. The prime physical ^ccxxss 
acting in this case is, therefore, air-sea interaction. 

Hese i«latk}asfeq>s b^eea SOI, tatfeidity. »d m 
temperature may be of some interest for the case of the 
Pinatubo eruption. Based on satellite measurements of SOj, 
BMtii and o&im (1992) repeat that Mt Knambo ejected 
about 20 megatons (Mt) of sulfur dioxide into the strato- 
sphere betw^n June 10 and June 28, 1991, which is about 
fiiir^ times the smcmt a^asured for fiie El Chichdn emp- 
tioE. McCormick and Veiga (1992), from satellite measure- 
ments of aerosol find between 20 and 30 Mt of new aerosol 
that w«e produced hy Ae Pin^rt>o mipdoas ccaniwed with 
12 Mt from E! Chichon. A substantial fraction of the new 
aerosol is thought to be formed from the oxidation of SO2. 
Concomitantly, there has been a warming of the tropical 
Pacific by as nmch as about 2^ (ClimaJe Analysis Center, 
1992). 



CHANGES IN THE 
STRATOSFHERE— PEEVIOUS WORK 

Whereas the troposphere ^parently cools after a large 
volcanic caption, the stratosjAere shows wanning, probafcly 
due to the absorption of solar radiation, although infrared 
absorption may also be important. The tropospheric temper- 
mm iiKtease after the ouptibn of Mt. A^ag m March 1963 
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YEAR 

Figjire 3. Variations in air temperature in the tropical lower stratosphere after the eruption of Mt. Agung in. 1963. Arrows indicate date of 
eruption of Mt. Agung (March 1963). Temperature variations are shown for altitudes of: A, 19.5 km; S, 16.5 km; C,9.5 km. Monthly njeans 
were calculated for 5 years before the eruption; deviatioas from the means were compated, aad 3-month roiming averages were plotted. From 
Newdl (1971). Rq^rifflted wiai permisdon. 



was fte l^esl oQii-seasonal anomaly tben ol^rvol by Ac 
radiosonde network (about 6°C — see fig. 3), and, although 
the anomaly gradually decreased during and after 1964, it 
persisted for several years Jewell, 1970a, i97(&, 197!). 
Similar increases in the temperature of the lower strato- 
sphere occurred after the eruption of £1 Chichdn in 1982 
(U^tzke^ others, 1983; Psytker and Brownscombe, 1983; 
Selkirk and Newell, 1984; Quiroz, 1983; Newell 1984). 
Somewha surprisingly, the tempemiire change after EI 
Qiidi<k was ateo^ die sane mj^nkuKk! as ftaft Mt 
Agung in spite of the fact that the aerosol injected, or formed 
in situ from gas-to-particle conversion, was several times 
larger for E! CSiidn^, and 8x> transmissiofl dhange illus- 
trated in figure 4 was much larger. In fact, the change after 
the eruption of El Chich6n was the largest in the record since 
1958. 

Meridional cross sections of temperature change in the 
lower stratosphere (Newell, 1970b) aft« the eruption of Mt. 
Agung are quite similar to those of tungsten 185 (^^W) 
rs^oactivity afiEcr P«:ific miciear tests (Newell, 1963). Hie 



originated from a single point raAer like the volcanic 
eruptions; it was measured by high-altitude aircraft sampling. 
The influence of plume stabilization and the meridional 
spreading by atmospheric lage-scaJe eddy diffusion may be 
seen in both patterns, again providing iodirect evideace feat 
it is aerosol that is controlling the temperaaire changes. 



MICROWAVE SOUNDING UNIT 
TEMPERATURE-ANOMALY DATA 

The troposiEiieric ftee-air and strat<M$*eric temperature 
perturbations discussed above were basal m ]a<£ios<»ide 
data that have a limited geogni|^icai coverage, especially 
over the tropical oceans. The measurement of temfwrature 
by die detection of micrcwave emission ftom molecular oxy- 
gen using a satellite platform was proposed by Meeks and 
Liiley (1963) as a method to acquire global coverage; this 
im b^n implanent^ in a series of National Ocesaiic and 
Atmosphoric Admini^raticHi; (HOAA) satellites since 1979 
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flpure 4. Atmospheric transmission at Mauna Loa Observatory, Hawaii (data provided by Ellsworth Dattost, NOAA/SRL ciai^ 
EtifflMtKing m& iiagnosiics l^ratoiy, Boaider, Colo.). Major ticks represent Jaaaaiy of indicated year. 



(Spencer and Oiristy, 19%; Spencer and otiers, 1990). 
Microwave sounding units (MSU's) use radiometers sensi- 
tive to radiation of 50-60 GHz (0.6-0.5 cm). Examples of 
tlie weighting fijuctions are illustrated in ihe two papers 
quoted. Hk 57.95-GHz channel covers the lower strato- 
sphere; its peak resptmse at about 100 hPa, or about 16 km, 
is bdow ttit maximum tempmaure anomaii^ shown in fig- 
use 3 for Mt. Agung. The 53.74-GHz tropospheric channel is 
colored at alxmt 700 iiPa hst Is £i»> a&iei^ed by surface 
topee^re. Tmt series of zcmai meaa valise of two 
chaas^ls a» ^own in figure 5. To provkJe iitformation on 
the aerosol, atmospheric transmi^ion at Mauna Loa is also 
included in each part of figure 5. Figure 5C i^pa^ts.tr^^i- 
cai ocean surface temperature variatioES taisen feHU 
GOSTA, so that the influence of opeanic ciiaE^SS <««t»»Hi- 
perature record may also be a^peokted. All vali^ are 
monthly mean anomalies caloul^sd from the 1982-90 
period means and are expressed in terms of the monthly ^aa- 
dard deviations; 13-month ninning means obtained witb a 
Gaussian filter are also shown. Here is an iiK^rease in tem- 
perature in the stratosphere commencing soon after atmo- 
spheric transmittance decreases for both the EI Chichon and 
Pinatubo eruptions. The maximum increase in bo& is 
about 2.4 standard deviations, or 1 .6°C. The same general 
time sequence is evident in radiosonde data analyzed by 
LaiHtzke and McCormick (1992), but they only extended to 
November 1991. The magnitudes are different from the 
microwave results, with a maximum increase of about 4°C at 
a pressure level of 50 hl^ (=21 km). It should be empha- 
sized, as noted above, that the maximum of the weighting 
function is not peaked in altitude with respect to the maxi- 
mum temperature aiujmaly. It should also be noted from fig- 
ure 3 that there are substantial changes in the anomalies with 
longitude, and these are smoothed out in the zonal mean 



values of figure 5. It is of interest that, so far, the two tem- 
perature anomalies observed by the microwave technique 
are roughly the same size, even though the amount of SO2 
gas released was about titeee times larger for Hnaabo than 
for EI Chichdn. The same situation occurred for radiosonde 
anomalies found for Mt. Agung and El Chichdn. These 
stratosptek tenp^^res sIkjw some evidence of a biemriai 
oscillation, the sequence being interrupted peifeafs 
changed in phase by the El Chichdn emptlos. 

It suggested many years ago that bienniai toBpera- 
ture changes in the region of the lower stratosphere were 
reflections of a modulation of the rising motion in the Oropi- 
csd Hadley-ceU circuMion (Newell and o&ers, 1969) and 
tet the phase slippage, which was evident in 1963 from 
mm& records, was dhie to the eruption of ML Agung (Newell 
and crthm, 1974). Itie same explanations c<«jld af^y to fig- 
ure 5 and the record of the Pinatubo eruption. Dutton (1992) 
has shown that the Mauna Loa record of atmospheric trans- 
mission also ^ows evidm:» of a quasi-bienniai osdliatiou, 
which would presumably be related to horizontal wind 
changes accompanying modulations of vertical motions. 

Figure 5 shows that, in the troposphere, there are diree 
maj<a: positive excursions in tropical SST and tropical free- 
m vm^mm»' h early 1983, late 1987 and late 1991— all 

Nino events, which show a maximum SST change in the 

eastern equatorial Pacific. 

Maps of temperature anomalies for the lower tropical 
$tratc»]^ffi» mt Amm in figui» 6 far September 1981 and 
September 1982, before and during the transmission change. 
In September 1981, tropical temperatures are slightly below 
average, whereas, in 1982, there are positive anomalies of 
about 1.5°C with slight maxima in the western Pacific and 
Atlantic, corresponding approximately to die maxsnoBi in 



263 



UJ 



m 



3 |- 



' ' ' f ' ' ' i 

EXPiAMATiON 



T r i j t r" ' 



i 



V Atmospheric transmi^ion 



"y Temperature 



-1 f 

t -2h 
z : 

3 : 

G -3 r 

S f A 

Q -4 r 1 mi ll 

Q 
2 

? 
C/5 



2 2 !- 

o E 

f_ -1 r 

rf. -tt 



I 

; v; 



i/ » 



J 



(I 



1 

ii . 



n 



0.66 
0.«3 
-0.66 
■1.32 



2.64 ^2 
yj 

■i LU 

- 0.87 g 

LU 

Q 

- 0.58 z 



-.-V- 




CO -3 - 

i 



m.t. ii ; '* i. H 1. 



D 

< 

- 3 





. , . 1 . . , f , 

n' i 

' ' ' i ' VvV 1 ' " 




r I ! 

: C \i 


1 L » t 1 t 


;^Mi^f""' — 1 — ' \t — 'V ' ' ' ' 

S 
\ 



- 0.29 

-J 
< 

o.c» S 
o 
z 

-0.29 

IT 

< 
CC 

- -0.87 Ui 

-1.16 I 
< 

0.76 3 
0.57 < 



2 

1 

0 
-1 
-2 
-3 
-4 

1979 1S80 t^l 1982 1983 1984 1^ 1986 19S7 1^ 19^ 1^ 1^1 1992 1993 

YEAR 



0.^ 
0.19 
0.00 
-0.19 
-0.^ 
-0.57 
•0.76 



Figure 5. A, TiaJe series srf atooqpiMdc aaasmissioni and aopcM (M. 20''S.-20°N.) k>wer ^•^jsphmc tesnpenfflire based oa microwave- 
sounding-mit data. Lrft-kmd scale is in staoteJized units f<» both parametm CmaiHsm&zsxr is term ijsed here when aiKJiaaKes are ex- 
pressed in terms of standard deviation of full time series). Right-hand scale represents actual temperature anomalies. Light lines represent 
actual montfely mean values. Heavy lines represent results of applying an i 1 -month Gaussian filter. Major ticks on horizontal axis corre- 
spc«i& to laimary of fi^kat»i year. B, Tfopcal (lat. 20°S.-20°X.) tropospheric temperature based on microwave-sounding-unit data. At- 
mospheric transmisaon oirws jdaititol to titose ia A. C, Tropical (lat. 20°S.-20°N.) sea-sorfa<» temperature shown through December 
1 99 1 . Atmosj^eric ttaaani«iion curves idteic^ to those in A. 
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Figure 6. A , Temperature anomalies (with reference to means for 2 982-92) for the lower tropica! stratosphere based on Sefitensber 1 98! 
imcrowave-sounding-unit dm. Data reflects conditions before H CMchdn eruptioB. Contoure of tempeia&ite atwmalies are M)eled in 
d^pe^Cdsiiis. B, fempemmt anoiaaiks ior ^j^siter 19S2 Cafter-S O^bMEi ax^m). C, Tes^^j^tee ^ranasEes £ar K<ta& 1992 
(elm Ml PhmtA/i em^io0). 



back scattering from the cloud measured by lidar (McCor- 
mick and others, 1984). A map for March 1992 is also 
incit^ed in figure 6 and shows similar anomalies to those 
that occurred after the eraption of El Chich6n. Tropospheric 
temperature anomaly maps illustrate an evolution since the 
eruption of Pinatubo that is dominated by the 1991-92 El 
Nino. In the tropical Pacific, the period December 
1991-April 1992 shows a bipolar structure centered on the 
equator that resembles the January 1983 {»limi we rqKMed 
earlier for the 1982-83 El Nino (Newell and Wu, 1992). 
Although not included in figure 5, the SST in the eastern 
trq>ical Pacific showed a msxvcRum positive an<»na!y (of 
2°-3°C) in May 1992, after which the anomalies decreased 
rapidly and became negative in the middle of July 1992. Hie 
maxima on eitSier side of the equMor may be associated with 
large-scale subsidence. This warming illustrates the great 
difficulty of estimating the influence of volcanic effects on 
the tiqx»phfiie. 



PHYSICAL MECHANISMS FOR 
OBSERVED CHANGES 

Meridional cross sections of atmospheric sulfate con- 
centrations before and after Mount St. Helens and before and 
after E! Chichdn have been drawn up by Newell ( 1 984) using 
data from Sedlacek and others (1983) and Mroz and others 
(1983). They show a strong source in the tropics for El 
CSiidsdn with mixing-ratio isoHnes sloping downwarf with 
latitude; significant values are confined to the stratosphere. 
Because sulfate has a low absorptivity for solar radiation, it 
may not be the only item responsible fte climatic effect 
of volcanoes. Ogren and others (1981) found evidence for 
the absorption of visible radiation in the Mount St. Helens 
plume, and Qarke m& others (1983) find sSgnificmt absorp- 
tion at visible wavfsfeagths in aircraft samples frc« ijeB 
Chichdn volcanic eruption cloud; samples were collected in 
the £dtila(k magt fmoi IZ to 21 km. Woods and OtmB 
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(1983) foand similar samples to contain carbon. There were 
no measBremeats of die infrared properties of this particular 
aerosol. 

Mmmiim±^xmM lais^ve be^grtaie componmts 
is lliis mgioa are Aowu m figure 7. Tie tropica! lower 
stratosphere is normally heated by infrared absorption by 
ozooe; by ultraviolet ozone absorption; and by solar near- 
infrared absorption by water vapor, carbon dioxide, and 
molecular oxygen. Cooling occurs mainly by infrared emis- 
sion from carbon dioxide and water vapor. If the solar and 
infrared 2*s<aption by aerosol prodace he^ng, tihe addi- 
tional cooling necessary to produce near-equilibrium tem- 
peratures at m devated temperature level, as was observed 
following tbese ftree recent eruptions, mast come from net 
infrared divergence from the CO2 in the layer. All three are 
associated with lower stratospheric temperatures that are 
about 4*- 6*^ higher fean pre-eruptioo values. This value is 
likely to be that temperature rise that is required to bring 
about an increased CO2 infrared flux divergence sufficient to 
offset beating by solar and infrared alsorption by tl^ amj- 
soL 

We have selected temperature, specific humidity and 
ozone conditions af^ropriate to the tropical west Pacific 

(actually for Guam for August 1991) to compute the results 
used in figure 7. Stratospheric temperatures were then 
increased ^soat 6*0 at 50 faPa aad elsewhere using a ver- 
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Figure 7. Ra<Uat!ve heating rate components for the lower strato- 
SjAere for conditions in tlKS tropkal west Pacific before and after 
m ea^on. A smmding far Gam, A^taa 1991, was used. The 
procedure followed for these calculations is that outlined in chapter 
6 of Newel! and others (1974) and in Hoffman (1981). Curves la- 
beled "A" indicate data collected after eruption; curves labeled "B" 
iiKiicjae data collected t«fore erupti<m (tcjsper^re at 50 hPa is 
6*^ Mgher— see text). COj-JR and HjO-IR rqjresent infrared 
cooling rates; S-NIR represents near-infrared solar heating by ab- 
s<sp{ion by O2, CO2, and H2O; O3-UV is solar heating in the ultra- 
violet r^i<KJ by ^bsor^m by O3; Os-IR is infirar^ Iwating by O3. 



tical-profiic modification based on a previous paper (on Mt. 
AgtHJg — Newell, 1970b). This is justified by the fact that the 

three volcanoes produced about the same maximum temper- 
ature change. Modified cooling rates (in X/day) are also 
shown in figiro 7. Both CO2 aad H2O show lasger iafered 
cooling rates, and O3 shows a reduced infrared heating rate; 
the largest influence is from CO2. Overall, cooling increases 
by ai^roxim^ly O.M'C/day at 50 hl^. Hansen and oAere 
(1978) compared the results of a one-dimensional model of 
the Mt. Agung eruption cloud with the data on tropospheric 
and stratospheric temperature change included in Newell 
and Weare (1976b) and Newell (1970a) and found quite 
good agreement. Their model would presumably produce a 
similar bdsujce in fee lower stratos^are. 

In cases where tropospheric cooling is definitely asso- 
ciated with a volcanic eruption, such as the 1963 Agung 
case, it is not yet known how much of the cooling is caused 
by a deficit of visible radiation at the surface, which would 
reduce evaporation and therefore subsequent latent heating 
in the troposphere, and how much is due to a deficit of solar 
near-infrared radiation reaching the troposphere, which nor- 
mally produces heating through near-infiared absorption by 
O2, CO2 aiid HjO, as illustrated in the lower part of figure 7. 
As stressed previ<»sly (Neweli, 1981), i£ would be valuable 
to measure tte wavelength dependence of incoming radia- 
tion in and below the volcanic cloud as well as the associated 
ii^med fbaxes. The problem of detecting a tropical trqpo- 
^here tempfflratare diaage after & volcanic mtption is 
clearly complicated by the strong influence of eastern equa- 
torial Pacific sea temperature changes. The tropical air tem- 
perature changes sssociated vMi SST ebajiges are 
presumably produced through the intermediate mechanism 
of latent heat liberation. When attempting to account for the 
influence of volcanic csniptiCHss on air t^perature, oceauic 
storage of eaa:^ md tm^ipiM by cuireats may Mso be 
involved. 

Clearly, representation by a simple relationship like 

equation 1 is no: adequate, and more studies with good ak- 
and ocean-temperature data are necessary. 

Anoite' fssdox involved la ite <feensiaat!oa of strato- 
sphere temperature is vertical motion: enhanced rising 
motion produces cooling, and subsidence produces heating. 
It is possible ftat the vertical motion In the tropica! tropo- 
pause region may be responsible for the dips in the two tmx- 
ima of the stratosphere temperature time series. 



INFLUENCE OF ATMOSPHERIC 

TEMPERATURE AND 
DENSITY CHANGES ON FLIGHT 
PERFORMANCE 

As noted in the latroduction to this p^>er, air density is 
a critical parameter from the aviation pdist of view. 
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Tmperattsre changes of 5"- 6^ ia the trqpsca! belt, perhaps 
on occasion extending up to 30 km or more from the tropical 

tropopause, will increase the scale height and density at all 
higher levels. For example, if the 5°C-anomaly extends only 
from 20 to 25 km, the density at 25 km increases by about 1 .4 
praccent, whereas, if the msimiy extends to 30 km (a not 
unreasonable vertical extent for the aerosol ciood based on 
lidar observations by Adrian! and others (1983)), there is a 3 
percent increase at 30 km. These density eMeGts maxmi air- 
craft drag, but they also increase engine thrust by about the 
same amount — ^the net effect on flight performance will be 
small. For vehicles flying {fthj^por^ic speech, imxiyBanic 
heating is of major importance; this is proportional to air 
density and to the cube of velocity (Anderson, 1989) so that 
ail vdbicies flying s& altitudes aix>ve the aerc^I-warmed 
layer wcsild be si^ject to eahmxd heating. 



CONCLUMNG EEMARKS 

The influence of volcanic eruptions on tropospheric 
tenaperature is diffscult to determine becmjse of the heating 
effect of El Niiio phenomena every few years; in the case of 
the Mt. Agung and El Chichdn eruptions, it was 0.5°C or 
less. In the case of Pinatabo, there was no cooling effect on 
the tropical troposphere for the first 6-8 months after the 
June 1991 eruption, due to El Nino, but this has now ended 
wfeile a significant amount of a«»osol remains. 

Microwave-sounding-unit data for the lower strato- 
sphere showed increased temperattire by severd degrees 
Celsius after fee eruptions of El CSididn in 1982 sed 
Pinatubo in 1991 . It appears that some of the absorption iiat 
causes increases ia temperature may be in the visible or near- 
infrared ieg!<Hi. TM inarease in temperattjre appears to be 
about the same size fos the eruptions of Mt. Agung in 1963, 
e Chichdn in 1^2, aa^ Pisatobo in I99i. This may be due 
to flje self-limitiiig dfect enhanced infrared fhix <iver- 
g^ce caused m<»fly by atoospJKSk carb<^ dioxide. 

The temperature changes associated with volcanic aero- 
sol are the largest that occur in the tropical lower strato- 
si^icsre. For high-speed aircraft flying at nM above abcait 20 
km, ^B^s& changes have a significant effect on attms^^iaric 
density and therefore on aerodynamic heating. 

It is lecommendsd that absorption measurements be 
made as a function of waveiengtli titooiigh significant ^osol 
cloads from fbttare volcanic ers!|^<ais. 
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ABSTRACT 

Soon after a volcanic eruption, it is possible to locate 
the ash plume from satellite imagery, at least if the sky is 
clear. However, as the plume disperses and thins, remote 
detection becomes more difficult. A series of numerical 
analyses of atmospheric observations, which can supply 
wind data to a trajectory model at frequent intervals, is one 
way to accurately track the pteie. 

National Oc«smc mi Atm&spkmc Afeinistetiioa's 
(NOAA) Foi«ca^ Sy^ems Labosstey hss developed a 
mesoscale analysis and pre^ci<HS sya^m (MAPS) for 
assaraiiatiBg surface ttc^c^^hsm we^aSm observaticms 
over the coatiguoos United St^es every 3 hours. Dwigned to 
serve aviation and local nowcasting, MAPS was imple- 
mented at the National Meteorologicai Center in 1992. It 
relies heavily on automated aircraft reports supplied by 
Aeronautical Radio, Inc. (ARINC) through the aircraft com- 
munications addressing and reporting system (ACARS). 
These reports use isentropic coordinates (surfaces of c<»i- 
stant potential temperature) in the free atmosphere aad ter- 
rain-following coordinates near the ground. 

MAPS is bemg adapted for use over Al^ka wihere a 
special high-resolution topc^e^hy field has bees created to 
accoimt for the rough terraia. Howevar, iHwe ACARS 
reporte over ai of ^asJca tnust be collecled m pedl time so 
that the tropospheric and lower stratospheric wiad field can 
be adequately defined every few hours. 

mmmvcnmM 

When a volcano spews ash high iifto the atmosphere, it 
is not difficult to identify iie location of the eruption ualess 
dense ckHxds hide tiss s&h. plume from satdMte;. If the erup- 
tion is suMciently powerful, ash may enter the stratosphere, 
above the clouds. Aircraft in the immediate vicinity of the 
eruption are subject to tiie life-threatening hazard of engine 
shutdown. CMier substantial hazsods remain long after fiie 
eruption, sometimes far from its origin, and aircraft must 
avoid the drifting ash plume, it is important, therefore, to 
kapw vttee fee phime is skhI where it is liJs»ly to drift. 



Satellites can track the ash plume as long as it can be 
detected. However, after the plume spreads and disperses, 
tracking becomes more difficult, and the levels where ash is 
concentrated are hard to discern. Trajectories calculated 
from a series of wind analyses or from a numerical forecast 
are solutions to Ae prd>Iems of tracking and predicting the 
plume location. 

Trajectories are only as accurate as the ^lalyses and 
foTOSsfs on which they depmd. At MOAA's Forecast Sys- 
tems Laboratory, in Boulder, Colo., a team of meteorolo- 
gists, a mathematician, and a systems programmer have been 
woricing for several years to develop a mesoscale analysis 
and prediction system (MAPS), which exploits several 
sources of atmospheric observations tibat are available 
almo^ contimaousfy. Even sow, andyses of t^per-air condi- 
tions from the National Meteorological Center (NMC), in 
Washington, D.C., are available only twice a day, at 00:00 
and 12M UTC. Over Ae CK>iitigw«s 48 Ifaited States, suf- 
ficient observations are available to support upper-air analy- 
ses every 3 hours. MAPS assimilates these surface and 
tK^K>S|>heric observ^oas every 3 hours to bettsr describe 
atmospheric conditions and make accars^e ^tet-term fore- 
casts out to 12 hours. 

A version of MAPS for the lower 48 States is already 
running experimentally at the National Meteorological Cen- 
ter, and another version is being developed for Alaska. The 
analym asd predictions from MAPS can be used as iijpst 
for trajectory calculations whenever Alaskan volcanoes 
erapt Simkin and others (1981) list 39 volcanoes on fte 
Aleutian Islands, 27 on the Alaskan Peninsula, and 1 8 else- 
where in the State as being active at least once daring iie 
past 10,000 years. Beget and others (1991) estimate that 
Alaskan eruptions large enough to disrupt air traffic have an 
average recurrence interval of 5-10 years. The eruption of 
Redotibt Volcano on the west side of Cook Inlet during 1989 
and 1990 is a recent example (Brantley, 1990). 

in this paper, we describe how MAPS works, why it is 
useful for trajectory calcolations, how it ojinpaiies to the 
nested grid model (NGM) (the limited-area model currently 
in use at NMC), how MAPS is being adapted for use over 
Ak^ssi, mi some dmges tbs^ imist be made before ^e 
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Alaska version performs as well as the version for the lower 
48 States. 



HOW MAPS WORKS 

MAPS provides high-frequency analyses and short- 
range forecasts that incorporate "off-time" observations as 
well as synoptic observations (at 00:00 and 12:00 UTC). The 
current resolution of the MAPS grid is 60 km. The main 
users of MAPS are commercial aviation and operational 
forecasters who need short-term guidance for 6-12 hours 
into the future. The main components of MAPS are shown in 
figure 1. 



EXTERNAL DATA SOURCES 

The upper-air assimilation system relies on two exter- 
nal sources of data: (1) a variety of meteorological observa- 
tions from the surface, troposphere, and lower stratosphere 
(see following section), and (2) time-dependent boundary 
conditions supplied fay NMC's nested grid model (NGM). 
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Figure I. The major components of the mesoscale analysis and 
prediction system (MAPS). The upper-air assimilation cycle is self- 
contained except for the external inputs noted at the lop. Observa- 
tions of wind, temperature, pressure, and humidity by balloons, air- 
craft, radars, or observers arc included. NGM, nested grid model at 
the National Meteorological Center, which supplies time-depen- 
dent lateral boundary conditions for the MAPS forecast model 



These boundary conditions are needed for the MAPS hybrid 
prediction model. They specify the evolution of the variables 
along the four edges of the forecast area, which pass through 
southern Canada, northern Mexico, and the coastal waters of 
the Atlantic and Pacific Oceans. 



OBSERVATIONS 

The upper-air assimilation cycle begins with the incor- 
poration of observations from four major sources in the con- 
tiguous United States and adjacent portions of Canada and 
Mexico: 

• Rawinsondes — ^About 80 every 12 hours, providing 
observations of winds, altitudes, temperatures, and 
moisture. 

• Wind profiler demonstration network in the Central 
United States — Twenty of the 30 expected profilers 
were operating by mid-December 1991. Wind profil- 
ing radars provide accurate hourly profiles of the 
horizontal wind in the troposphere and lower 
stratosphere. 

• Surface observations — Six hundred to 900 surface 
observations per hour depending on the time of day 
plus about 25 m.oored buoys. These observations are 
used to analyze low-level altitudes, winds, tempera- 
tures, and m,oisture. 

• ACARS aircraft reports — These are fully automated 
reports of wind and temperature collected from the 
airlines by ARINC (Aeronautical Radio, Inc.) and 
made available through ACARS, the ARINC aircraft 
communications addressing and reporting system. An 
average of 380 to 1,550 reports were available every 3 
hours during December 1991 (fig. 2). For peak travel 
time, the density of reports can be quite remarkable 
(fig. 3). 
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Figure 2. Average number of fully automated ACARS aircraft 
reports received in 3-hour windows during December 1991. There 
are peaks in air traffic at midday and during the late afternoon. 
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figure 3. ACARS aircraft reports ftosj between 175 «d 225 mb (from 36,000 to 41,0(K) ft altitude) received between !&30 mi 1^.30 
UTC 19 January 1 990. This represents 40 percent of the number received at all levels. The data plot is interpreted as follows: The staff ex- 
tends into *e wind; thus, winds along the East Coast are approximately from the west Barbs on the staff give wind speed: small barbs rep- 
resent 5 m/S; Ml l^abs reprssent 10 m/s^ iM flags r^jrcMffi 50 m/s. TTie observations depict a jet stream ftom Kztms to the mid-Atlantic 



ACARS observatiOBS are flie single most importent 

asyaoptic data source for the MAI'S 34toer assimilation 
cycle (BenjOTin, 1991). They aw miinetmis, distributed 
fairly evertiy ov&t the lower 48 Ststtes, aad are mostly from 
between 400 and 150 millibars (mb) (altitudes between 
24,000 and 45,000 ft). Some ascent and descent data are also 
available. Tliese will soon become tnadh moi« common and 
will be triggered as aircraft pass through specified altitudes. 
Profilers provide excellent wind data in the lower tropo- 
spheie, an area whsc& ACARS rq>or{s aie stil! spar^. 

Satellite radiances (values of upweiling radiation mea- 
sured in different wavelengfe iateryais) offer the hope of 

tuie (intent. So fxc, we have been umble to demonstri^e that 



ftis date source improve analyses or forecasts when tJie 
other sources of data are present. However, over Alaska, 
where observations are sparse in comparison to the lower 48 
States, radiances from Ifie pofar-oAMng television and infra- 
red observation satellites (TIROS) may prove more valuable. 
Satellite data are not assimilated in the present version of 
MAPS. 

All incoming observations are subjected to several 
stages of quality c<mtrol. The most rigorous of these is a 
"buddy" check. At each observation location, a value from 
neighboring observations is interpolated. If the intcrpoiatcd 
value (Uffers sigmficantty from the.ob^w^^^^^yalue at.feat 
pmrn^ xm Sm&m tests to d^^mine whe^te cer^ 
c^erva^on or one of its neighbors is at fs»M. 
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OBJECTIVE ANALYSIS 

For a meteorologist, the words "objective analysis" 
refer to a programujabJe method for estimating meteorolog- 
ical- fmsm&sts m a r^iar set of poiats, asuaily a tteee- 
dimensiona! grid. The estimates depend upon the available 
observations, which are usually distributed irregularly in 
space md tiaae. Numerical predictitsi models are oft^ laarfe 
part of the objective analysis for the reasons mentioned in the 
next section. In the case of MAPS, a 3-hour numerical fore- 
cast, valid at fee analysis time, provides a first guess for fee 
analysis. 

The method of objective analysis employed in MAPS is 
known as optteam mterpolation md is ^tisticsal in natoe. 
The method, popularized by Gandin (1963) and still widely 
used, accounts for the errors in different observing systems. 
It also accoxmts for the geographical distribution of stations 
relative to each other and to the point being analyzed and 
allows observations of one variable to influence the analysis 
of aaotiter. F^r example, observations of the altitude of con- 
^ant pressure surfaces influence the analysis of wind. 
Finally, the method mixes information from the forecast 
mode! atid'observjafoiss iii a logical w^. 



NUMERICAL PREDICTION MODEL 

A numerical prediction model is an essentia! compo- 
nent of any system that assimilates meteorological data. 
First, the equations in these models summarize our under- 
sJaadiig of afcaospibeiric befeavior. Second, oar best a priori 
estimate of the current state of the atmosphere comes from a 
iHimerical prediction model, which provides the background 
for sabseqaent anatyas. Moreover, fee st^stics of mode! 
performance tell us how to weight the model prediction (i.e., 
the background) relative to the observations. Third, the 
moM impost dynamic consistency on fee system and 
retains the effects of all past observations. 

The prediction model in MAPS is an outgrowth of the 
model introduced by Bleck (1984) and is based on the so- 
called primitive equations. These consist of three prognostic 
equations (for thermodynamic energy and the two compo- 
nmts of horizontal momentum) m& feree diagnostic ecpa- 
tions (the ideal gas law, the mass continuity equation, and the 
hydrostatic approximation). Calculations for both the analy- 
sis and ifae pi«^licti(»t are p^otmed (m a 60-km ^d at each 
of 25 vertical levels. The model allows for stratiform and 
convcctivc precipitation; turbulent transfer of heat, momen- 
tum and moisture iafee vertical; and a diumal heating cycle 
(Benjamin, Brewster, and <^ers, 1991; Benjamin, Smith, 
and others, 1991). 

Figure 4 summarizes the assimilation cycle. New obser- 
vaticass aare introduced every 3 hms, f<dIowed by a 3-hour 
S»®casS, which extrapolates ^moq|*«ic conditions forward 
to fee next analysis time. Twice <feily, at <X):00 and 12:(K) 



UTC, fee forecast laos out to 12 hams, rosainly for coini»ri- 
son wife NMC's nested grid mode!. As soon as NGM i^iilts 

are available, the time-dependent lateral IxHEuJaiy 
tions for fee MAPS domain are updated. 



USING MAPS FOR TRAJECTORY 
CALCULATIONS 

MAPS itself does not compute trajectories; rafeer, it 
sa|q>!ies a series of analyzed or predicted wind fidds to 
NOAA's Air Resources Laboratory, in Washington, D.C., 
which has long experience in generating trajectories. See 
Stsinder and Heffier (this volume) fisr de^ls on trajectory 
calculations. 

Why should wind fields from MAPS be particularly 
good for the graeration of ttajectori^? The immediate 
answer is that frequent assimilation of "off-time" observa- 
tions permits sharper defmition of mesoscale flow features 
feat are tans to hundreds of Mlcmeters m size, thus leading 
to a more accurate wind field. 

A less obvious answer is related to fee choice of vertical 
coordinate. Ajialyses and predictions in MAPS are computed 
in hybrid vertical coordinates (Benjamin, Smith, and others, 
1991), which are a combination of two kinds of coordinates. 
In fee free steosphere, we use isentaspic coordinates (19 
surfaces of constant potential temperature). In adiabatic flow 
when there are no heat sources or sinks, air on a particular 
isentropic surface will remain on feat surfece. Under iMs 
assumption, trajectory calculations become two-dimen- 
sional. The vertical spacing of isentropic coordinates is tied 
to fee sts^iity of fee atnaospliiece; the surfaces are close 
toge&er when fee ataio^here is stably stratified and wiMy 
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Figure 4, A 3-hour assimilation cycle. Every 3 hours, newly ob- 
served data are used to analyze ataiospheric conditions. These anal- 
yses si^ly the initial conditions for a numerical prediction, which 
advances atmospheric forward to the next analysis time, 
when amfeer lafidb of oteervations is assimilated Twice a <fey, at 
00:00 and 1 2:00 UTC, the forecast goes out to 1 2 hours. Each time 
fte nested grid model (NGM) runs at NMC, a new set of time-de- 
pendent liberal boun^iy conditiozis (BC) rq^Iaces fee old set 
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Fij^re 5. As iilustration of &e hybrid vertical «x»dinatcs used 
in MAPS. His wrfica! ams section was ts&en at 12-M UTC ! 
Fdmwy 1990. It runs from the Pacific Ocean, off the Oregon coast 
on the left, to South Dakota, on &e right. Terrain is silhouetted in 
black. Six terraia-fc^kwing swS&e^ each higher one smooflier 
tisan the one betow, occupy, oa av«8@e, fee first 150 mfe above 
ground. In the ftee atmosphere, up to 19 iseztiix^ aaftces witii 
variable spacing (genmlfy Iraca 4 to 10 d^srees Kelvin) are mod 
for computation. 



^>ace<i wJten the lapse rate (decrease of teni|)mture with 
aUtedb): m steep. This property pves eskmxd ^tM reso- 
Wffoa it is needed, such as in tiie vicinity of attno- 
splifirfc fioats and jet streams. 

Om drawback of isentropic cooxdiaa^ is that they 
become too widely spaced in deep, well-mixed boundarv- 
layers, which develop often on hot summer days and over 
elevated terrain. To overcome this drawback, terrain-follow- 
ing coordinates are ase4 spaced about 30 mb (or roughly 
300 m) apart, on average, for the lowest six surfaces. This 
gives reasonable precision in the calculation of vertical 
flmes of mmmlxm^ heat, md moistere close to (he grouisl. 
The hybrid coordinate system is illustrated in figure 5. The 
surfaces move up or down depending upon atmospheric con- 
ditions; hence, lius <^icticsi is fcH- a ^^ific time m& date. 



PERFORMANCE: MAPS VERSUS NGM 

In a recent comparison between MAPS and NMC's 
n^ted grid model, we iateipolated wind pi«<Sctions 



MAPS and the NGM to rawinsonde sites in the United States 
and southern Canada. We then computed the magiHtude of 
the vector dtff»en®e between predicted and <:^%^^ wiiKk. 
Xfa^ root-ntean-scpfo^ of iiiese <iiferences appear m figure 
6 afimcsbn of pressure level. The most striking result is 
that 3-hour and 6-hour MAPS wind forecasts are consis- 
terftiy better than flie i2-hoQr NGM forecasts iiat are valid at 
iie s^e time. IMs is true at all levels, bat it is e^^ecially 
true at altitudes between 24,000 and 45,<MKJ ft (or, «<plva- 
lently, between 400 and 1 50 mb on fig. 6) where cmsamdal 
jets provide most of the ACARS data This demonstrates 
clearly the advantage of frequent assimilation of off-time 
data. The choice of isentropic coordinates is also an advan- 
tage; these coordinates tend to crowd togefeer and give good 
vertical resolution in the high troposphere and bwer strato- 
sphere in the vicinity of the jet stream. 

Dtmng 1992, MAPS ran experimentally in real time on 
NMC's Cray Y-MP supercomputer on a domain covering 
the lower 48 States. Output stored oa disks at NMC w^ 
carefyiy examinsd fa evidmce of mj^ii:es in iie compijter 
code. By late 1992, the system was running reliably and per- 
forming well. Preliminary tests of an Alaskan version of 
MAPS are scheduled for 1993 at &e Forecast Sy^ems Li*- 
oratory in Boulder, Colo. If the available data show that a 3- 
hour assimilation cycle over Alaska is viable, more rigorous 
testily conid b^in at NMC. 



e 

i 

z 



C/2 

a. 
o 

E 



o 




EXPLWATiON 
3 MAPS 3-ho«f forecast 

N NGM 12.i)0«<r forecast 
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Figjire 6. The root-mean-square vectw &Kxr in wind forecasts 
produced by MAPS and th* NGM. The error was essimat^ by com- 
paring prrficted winds wift winds measured by rawmsonde is the 
United States and southern Canada from 26 November through 29 
December 1991. All three forecasts shown are valid at the same 
time. 
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ABAPTING MAPS FOR USE OVER 
ALASKA 

Alas^ Ms far greater topographical relief than aay of 
^ k>w€r 4$ Stetes, It dso has a loager, mm amvofe*^ 
Sordine. The terrain-followk^ surfaces used in MAPS 
conform to the rough topography as closely as the horizon- 
tal re«:4iitioa allows. Our first experiments over Alaska 
wiU ernploy '^envdopc" topcgcsphy, oteiaed J&om a file of 



very high resolution topography in the following way. For 
each box of the prediction model, owe adds <fee stan- 
dard deviation of altitude to the mean altitude. Envelope 
topography accoaats for the fact that mountain barriers to 
the wind are ygter Asub flie mean j^tede. The MAM 
domain for Alaska and enve!<^e tcp)gnsqphy far a 60-4cra 
grid are shown in figure 7. 

Roughly 50 percent of the domain in figure 7 is covered 
by sxean. The observ^on «Hirees cmmitiy contributing to 




FSgare 7. The geogra|*ical d<Hnain Ibr Use Ak^ versic® of MAPS. Tick majfes mimsd poriiaeser are at 604cm pacing. Elev^^csa c<sit«W5 
ISarfflEfvelqpett^KOT^ (see text) are at IOOhri intervals. 
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MAPS will supply scant information over the ocean because 
ACARS <iata are ac<piired oaly witibm a few handred kilo- 
meters of a ground station. To improve analyses in oceanic 
regions, it will be necessaiy to adapt MAPS for assimilation 
of ship reports and TIROS radiance ^ta. In addition, tie 
western boundary of the NGM is so close to Alaska that the 
inflow conditions are likely to be poorly defined, thus 
qaickly coateminatjcg the forecast. To couect tiiis problem, 
we also must replace the time-dependte: lateral boundary 
conditions from the NMC's nested grid model with those 
frcan the aviation (glctoJ S|>ectrai) mo^l. 

CONCLUDING REMARKS 

MAPS is a system for the frequent assimilation of 
diverse sirface, trc^spheric, and lower strato:^hmc 
weatber data. The system provides frequent updates on 
atmospheric conditions to aviation and local forecasters. A 
weallJi of wind reports available from vracjd profilers and 
commercial jets permits detailed analyses every 3 hours and 
accurate short-term predictions of winds over the lower 48 
Stetes. 3-hour "siapsliots" and ojrrespowing predic- 
tions can feed into trajectory calculations for tracking volca- 
nic plumes and predicting their future movement (Stunder 
and HefRer, this volume). 

One major obstacle prevents immediate application of 
MAPS over Alaska: the lack of data. Many aircraft fly over 
Alaska, and ftie Aleutian chain is a major mtemational route. 
While many of these aircraft are equipped to provide auto- 
mated rqports, as of summer 1991, the only giwnd station 
fcHT receipt of these reports was at Anchorage. In Ae same 
way that tiiousands of ACARS reports per day make MAPS 
a viable system for the lower 48 States, a similar density of 
reports is required Alaakm versk>iou 

The Federal Aviation Administratilon and Aeronautical 
Radio, Inc. are helping to alleviate this problem.. .As of Jan- 
uary 1993, nine more ground receiving stations are operat- 
ing in Ala^a: at ShOTiya, AMa, l>at«is Harbor, Cold Bay, 
St. Paul Island, Bethel, King Salmon, McGrath^ and Fair- 
banks. By late 1993, eight more are expected in southeast 
Alaska md northwest C^anada. This will greatly iacrejt&e 
the number of reports. Efforts should also be m^ to 
obtain over-water reports relayed by satellite. Unti! ^xmt 
100 reports can be collected every hour, reasonably distrib- 
uted over file domain of figure 7, we sknild not expect that 



a rapid-update assimilation cycle will improve upon the 
of^x^onal 12-hour foreca^ that i»e already available. 
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ABSTRACT 

A r^l-tirae long-raoge volcanic ash forecast transport 
and dt^jersion mode! is dbs^bed. Ash oitttted into ^ 

atmosphere as high as 100 mb (= 53,000 ft) is modeled as a 
nearly steady eruption column. Falling ash is modeled as 
advecting downwind with the National Wealte- Service 
forecast wind fields. Maps of relative ash concentration for 
various layers in the atmosphere are produced. The presence 
of falling ash is clearly seen in the volcanic eruption example 
shown. Some of the ash shown in &e lower kyer osspit map 
must have faien from at>ove because it caimot f» explained 
by trai5sp<at sfflrf dissEXsrsion in hsmi: iay«r si<Hie. 

INTRODUCTION 

Airline pilots are clearly interested in avoiding volcanic 
ash clouds because of possible damage, ranging from 
tlbTSStA wfedtereem' to ^engia»-fe!!tsre'. At'l^^fiw 'OCOTfuier- 
cial jet aircraft were damaged from enccKin^^ with airborne 
ash during the first 3 months of the eruptios of Redoubt Voi- 
cmo, aeaa- Andiorage, Alaska, b^MHUg ia Deceasber 1989 
^rantley, 1990). 

A memorandum of understanding (MOU) concerning 
volcano imiaSs dieit hemem ^ N«ti<»a! Ocemm and 
Atmospheric Administration (NOAA) and the Federal Avia- 
tion Administration (FAA) was signed in 1988, prompted by 
the 1980 eruptions of Mount St. Helens, Washington, and the 
1982 eruption of Galunggung, in Java, Indonesia. Under the 
terms of the MOU, the roie of NOAA Air Resources Labo- 
TStixy (ARL) is to provide volcanic-ash-trajectory forecasts. 
Upon notification of an eruption, ARL produces a forecast 
feat gives the predicted location of volcanic as^i at severafl 
levels in fee atmo^l«re for times up to 48 hours after the 
m^ion. Typically, m xspdmd forecast is made 12 hours 
lata' when tJie meteorological analysis and new forecast data 
are av^iatoie. 

As of 1991, the NOAA- ARL volcano hazards alert 
message consisted of teee parts: (1) a text message giving 
the i^<ml extent of the ash cloud at several atmospheric 
teveis in 6-hour periods after the release, (2) maps of the 



fe»xast isctefc tsajectories for the ash clond, and (3) lati- 
tude/longitude tabular listings of the trajectories. As an 
exmi^, figure 1 ^ows the text message for a hypothetical 
5Q,(m-ft eniption of Mount St Hefens at W GMT (Green- 
wich Mean Time), September 1 1, 1991. Because the trajec- 
tories show the predicted path of air parcels rather than ash 
particles, a atutioaary n<«e regarding falling ash is added to 
the end of the descriptive paragraph in the text message. The 
48-hour duration 200-mb, 300-mb, 500-mb, and 700-mb tra- 
jectory ni^'aid"liBles are shown in figures' 2A~W. (See 
table I form stttaospheric pressure level to altitude refer- 
ence.) The 20{>-mi! and 300-mb trajectories both show tiie 
ash clood moving soaii, aaoss California, then norflt^ist- 
ward, reaching Minnesota 48 hours after the eruption. The 
5CK)-mb trajectory is much shorter, with ash moving south 
across CaUtenia, bit reachmg on^ Ammi at 4S hours. At 
700 mb, ash is predicted to move s<»lil to the asnttal Califor- 
nia coastal region at 48 hours. 

^««vstart«-«tf «1iei«fe!eca^"te*j®:^es Ipote smitar 
model runs for a series of Redoubt Volcano eruptions shows 
that average trajectory forecast error at 300 mb is usually less 
than 25 peicast of fee downwind distance &c»n tite volcano 
(HefFter and others, 1990). Trajectory errors of this isagm- 
tude are typical (e.g., Rolph and Draxler, 1990). 

Saice December 1992, the ARL podsuct is a graphic 
product. The model is now named the volcanic ash forecast 
transport and dispersion mode! (VAFTAD). VAFTAD was 
developed to provide a better three-diraenskmal depiction in 
time of the ash cloud than does the trajectory model. Tne 
ambiguity of the cautionary warning in the forecast trajec- 
tory text message (fig. 1) is addressed. He mw mode! is 
d<»igned for openrtion <hi a 386-ciass porsanal ampsOiex. 
National Weather &moe (HWS) for«»st wiiKi «feta on nine 
isobaric levels, from 850 mb to 1<K) mb, are downloaded 
firam an NWS mainftame computer as irpit to fee model 
run. User inputs are volcano name, latitude and longitude, 
eruption date, time, and ash cloud height. Since the total 
amount of ash erupted is usually unknown at the time of the 
mtption, a unit mass is asairaed. Also, since fee eruption 
duration may not be known, a 3-hour eruption is assumed. 
The dynamics of the eruption column itself are not modeled; 
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Table 1. Selected atmospheric pressure levels. 



Presscre 


Approximate aititude 


(asiUibars) 


(feet atx>ve sea level) 


m 


53,000 


ISO 


44,m 


2(X) 


39,mo 


250 


34,000 


300 


30,000 


m 


24.000 


500 


18,000 


700 




850 


5,m 



instead, the eruption is assumed to be nearly steady, with asit 
particles of a given size distribution uniformly distributed 
throughoirt ftw eoiomn. TTie erfonn verti<a! dBstriteticm is 
clearly an approximation; later versions of the mode! may 
incorporate more detail in the initial ash distribution. The ash 
fells, disperses, and is advected dowmwind following the 
forec^ wind data. Maps of ash concentration relative to the 
mk source are output for three atmospheric layers of interest 
to the aviation community. Removal erf" »sh by pi«ct{>ttad:i<»a 
is not considered in order to produce a. ccms^ative estimate 
of dsMS coi»;«i:^^oit mi ash cloud !ocati<»t. 



VOUCANC HAZARDS ALERT 
HT ST HELENS 

^^OAA-AIR RESOURCES LABORATORY 
SILVER S*»RI»ie, m 

69/11/91 tSl3Z 

«T ST HELEMS ERUPTEO ON 09/11/91 AT 00002 

WITH VOLCANIC ASK REPORTED AS HSSH AS SOOOO FT, 

LONS-RANSE FORECAST TSAJECT0R3SS SMDICATE THAT ANV ASK 

RE--.A:N::r,:s :\> "ke ft-nosfHERE will !<ove over the fsllowins 

RESIO!<;S AT the HSISKTS t< DATE/TIMES SJVEN. 

CAUTIOM! ASH MAY FALL ERCM SIVEN RSeiONS TO LOWER HEIGHTS. 



7000 TO $5000 FT 

UiEST CRESON 
WEST ORESON 
WEST ORESON 
.\QRTH CALIFRJ^IA 
NORTH CALIFRfSIA 
NORTH CfltlfWIft 

nmrn »«.if»isa 

NOSiTH CALlFRHiXA 

SSOOO TO 2S000 FT 

»«ST ORESON 
^f^«TM Cfti-IFRNIA 

SdUTH CAi.IFR»tXA 

23000 TO SSOOO FT 

s«ST omsm 

NORTH CALIFRNIA 
CFFSHOR-S ■■Cm.-tF 
SOUTH CALIFS JA 
ARJZOMA 
UTAH 

NORTt«E*STm. US 
^^ORTI«»(m. US 



:J/002 to 11/062 
ll/O&Z TO 1I/I2Z 
12/122 TO lS/182 
11/S8Z TG i2/00Z 
12/OOZ TO i2/06Z 
I2/06Z TO 12/J2Z 
12/12Z TO 12/lSZ 
12/18Z TO 13/002 



1 1/OOZ 
i J/06Z 
lt/l2Z 
J1/J«Z 
12/«0Z 
t2/0*Z 
12/12Z 



TC S1/06Z 
TO t:/12Z 

TO ii/:sz 

TO 12/06Z 
m 12/062 

TO :l2/i2Z 
to ^i2/ 3,82 



11/002 TO 
tl/O&Z TO 
J1/12Z TO 
Jl/lSZ TO 
i2/O0Z TO 
,S2/06Z TO 

12/llZ TO iS^OOt 



S1/0&2 
U/t2Z 
H/18Z 
12/OOZ 
12/0&Z 
12/122 

tW/0 



JSOOO TO 4S0OO FT 



WEST ORESOM 
MORTH CAHFRNIA 
SOUTH CALJFRtvJIA 
SOUTH CALIFRNIA 
UTAH 

NORTHCENTRL US 
NORTHCENTRL US 
NORTHCENTRL US 



15/002 TC 11/062 

li/O&Z TO il/l2Z 

S1/I2Z TO 11/lSZ 

11/ 182 TO 12/OOZ 

12/OOZ TO 12/0&Z 

12/0*Z TO 12/122 

12/122 TO 12/182 

12/182 TO 13/OOZ 



i^^ire 1. Vokano-hazards-alert text message for a hypothetical 
er^jtm to 50,000 ft of Mount St. Helens at 00 GMT (Greenwich 
Mean Time),, Septemij^ 1 US^l • "Z" indfcatM Zx&u (eq^ivatet to 
Grecswkh Mean Time or CoonSnsted Universal Time). 



ATMOSPHEMC imANSPORT AN© 
DBFIRSION 

The forecast wind med in the transport and disper- 
sion model are from one fee NWS National Meteorologi- 
cal Ceuter's mmerical weather prediction models: dtiher the 
i»sted grid model (NGM) (Hoke and others, 1989) or the 
aviation run (AVN) of tie medium range forecast model 
Petersen mi Stackpole, 1^). Both models are «n twice 
daily and produce forecast data at 6-hour intervals. Wind 
fields on the following pressure levels are used by the vol- 
cano modd: S50, 7m, Sm, 400, 300, 250, 200, 150, md 100 
mb. The NGM is a regional mode! covering North America; 
the AVN is a global model. The spatial resolution of the 
NMC outjHit for fte MGM arai AVN m a polar stereogiaphic 
projection at 60° latitude are 190.5 km and 381 km, respec- 
tively. The meteorological model specifications are summa- 
rized in table 2, M<^ ,<^]at,sa)o«!d apt be isterp^etcxi at 
Sii!?-giid scal^. 



TaWte2. Si>ecifications ofNMC data iised in voicacEso model. 
{NMC, K^onai Metooroik^iciii Cemx; NGM, nested g6d taedei (H<^ and otes, 

i9sm 





NGMinodd 


AVN mode! 


Coverage 


North America 


Glotal 


Spatial resolution^ 


190.5 km 


38! km 


Fonecast period 


48 h 


72 h 



' At 60' latitude m a polar sterec^cs^te; p<gecli<m. 



MODEUNG VOLCANIC ASH TRANSPORT AND DISPERSION 



279 




4f <if ' 



TT . -f^ A>..1 .T^^.V^.'.i' -i 





Figure 2. Forecast trajectory map md table coiresimding to &e text message in figure 1 for the followiiig levels: A, 200 mb; B, 3(X> mb; 
C, 5W mb; and D, 70Q tab. McmA ^. Kde»s is idt^tilled by "# and flus enf^ date and time (GKfT, or Z) are given. Njimbeis al<aig the 
trajectCKy ^ve tee; at (K) GMT da^ is sitowa. 
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tim^)ort tog'ectofies are <xmpa^ iismg a modified 
Euler advection technique to account for acceleration (Car- 
mhm and others, i969). This technique was also used by 
Hefilor (i^3). Horizcaital diig>ersion causes puff size to 
gmw lii^ai^ wiii tncte because: 

<s=ta (I) 

where 

0 is the horizontal standard deviation, in meters, of the 
concentratjon, and 

/ is time after the eruption, in seconds (Heffter, 1965). 
This horizontal dispersion applies to iong-raage transport. A 
bivatiate wmmi disAdhitm gives Hie coBS&e^^sl&m st my 
radid distam;e fwan flie ceeter of a ptiff, 

ASH PARTICULATE 

Given that different volcanoes and even multiple erup- 
tions of one volcano may have different ash-particle size dis- 
tributions, we assumed one typical distribution for our 
model. Measured ash-particle size distributions are obtained 
from either ground-level samples (e.g., Carey and Sigurds- 
son, 1982) or airborne samples (e.g., Hobbs and others, 
1982). Because iadividual ground-level iampies are sot 
like!y to be rqpresaitalive of lie popuIMon of in Uie 
e£i^>tet ccfemji, Carey and Sigurdsson (1982) computed the 
"toM^ pEflscle size distribution for the May 18, 1980, Mount 
St. IM«BS (MSH) eruption using many ground-level sam- 
ples. The total particle size distribution is an estimate of llie 
overall disttibutjon in the eruption column. The resuitmg 
PSHIoSI'ffistRbuSioii (particles ofdiameter 2 pm to I6mm) 
coiild be used in our model, but it does not include the 
smaUer particles that remain airborne for extensive periods. 

However, isdividtal airborne samples aiso may not be 
representative, especially because research aircraft cannot 
safely fly through ash clouds near volcanoes. Airbc»» sam- 
ples al^ do tKt co!^^ krger pa^des iutt ktve steady 
fallen out. Because our prime interest is with particles that 
remain airborne from 24 to 48 hours, we use a particle size 
dkt33Mki& dbtsfaed iiem mac^ sam|>les ^ken sibaeit i30 
Icm downwind of a volcano (Hobbs and others, 1991), rather 
than a distribution obtained from ground-level samples. Air- 
craft samples closer to the volcano were not obtained 
because of safety considerations. The particles considffif^ 
range in diameter from 0.1 fim to 100 |im. 

Ash particles are assumed to fall as spheres according 
to Stokes' law modified by the Cunningham slip correction 
(Sla<k, 1968): 

^CI(g«^2p)/(18|i)3 (2) 

where 

V is liie faM vdioca^ (in m/s). 



g is the gravitatkml constat (m m/s^), 

di&^e ptrticle dismieter (in m), 

p is the ash particle density (in g/m-^), 

p. is the kinematic viscosity of air (in g/ms), 

C= H[/j'<f][2.52-H).8(exp(-0.S5a'7v))] is the Cunningham 

slq> conec^ti (ma-^msmomS), asd 
X is the mean free path of air (in m). 
The correction is important only for smaller particles 
(approxmiately less tbasn 5 po) whose Ml veiocitkKS are 
greater than those according to Stokes' law because ash par- 
ticles tend to slip past air molecules. Particle shape md rota- 
tios, smk as ad<iEe^^ by Wil«)n and Huaag (1979), are 
not considered. Our approximation is applicable given fee 
spatial and temporal scales used here. 

MODEL OUTPUT 

Output consists of maps of maximum l-hour ash con- 
CKBtr^oas 4mms a 24-Is<Mr period (0-24 b or 24-48 h). 
Maps for three layers are given. These layers will be refeixed 
to as layer 1 (15,000 to 25,000 ft), layer 2 (25,000 to 35,000 
ft), md layer 3 (35,000 to 50,000 ft). Giotmd-Ievel conoea- 
trations are not computed, and altitude is described in units 
of feet in deference to the aviation community. Symbols on 
the output maps indicate ranges of coaceatralios (low, iiMer- 
mediate, and high) relative to the unit source. The exact com- 
puted concentration is not used for two reasons: (1) the 
amount of ash emitted is usually unknown, and (2) critical 
concentrations that affect the aircraft or its operation are 
unknown. The intermediate and low relative concentrations 
each span two orders of ms^tade. These categories are 
scHRewhat aibitmy becaiise ev©i» tlje low concaitrations 
may be hazarfous to aircraft. 

The forecast transport and dispersion model was run for 
the simulated eruption of Mount St. Helens on September 
11, 1991 (as was the trajectory model — ^figs. 1 and 2^-2D). 
Figures 3A-3C and 4A-4C show tite relative ash concentra- 
tions in the three layers for tibe two aiccessive 24-lK>ur peri- 
ods after the eruption. For Ifee irst 24-hour period (figs. 
3A-3Q, the ash moved south across Cteegon, continued gen- 
erally along fee Cdifomia a>ast, tiea moved to the northeast 
across soudicra Califomia toward fee Nevada-Uteth- Arizona 
region. The pattern in all three layers is fairly similar, with 
"M^" concentrations generally found near the volcano. Ash 
ccHioKitrations lower thaa vdiat are categorized as "low"* are 
not shown on the maps. In the next 24-hour period (figs. 
4-4-4Q, the ash was transported from the southern Califor- 
nia regicm to fte L^e Sigjerior region, agais with similar 
patterns at the three layers. In most areas, the concentrations 
are categorized as "intermediate", with no "high" concentra- 
^ns wbA cstly some "^km" cxmx^s^om. 
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I^re 3. Rd^ve coiK»»tratioii for hypothetical eruption given in 
figure I for fee first 24-hoor period after <fee eruption (00 GMT Sep- 
tember 1 1 to 00 GMT September 12, 1991) for the following layers: 
A, 35,000 to 50,000 ft; B, 25,000 to 35,000 ft; and C, 15,000 to 25,000 
ft. *Xr is&>ws volcano location; "-r," said "^^ indicate M^, inter- 
sne<iiate, and low relative coicetitrations, res^pectiveiy (see text f<x 
e:qpte3fckHi of tel^w CCTK»!tr^j<»i). 




Figure 4. Reiative coiKentrati<KJ for hypothetical eruption given 
in figure 1 fot the second 24-hoar period after*© en^cm (00 GMT 

September 12 to 00 GMT September 13, 1991) for the following 
layers: A, 35,000 to 50,000 ft; B, 25,000 to 35,000 ft; and C, 15,000 
to 25,0(X) ft. "0" shows volcano location; "*," and "-" indicate 
high, intennediate, and low reiative concentrations, respectively 
(see text tor exifiam&m <rfrdasive asmanm&m). 
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A comparison of the transport and dispersion output 
(figs. aad 4A-4Q with fte trajectories (figs. 2^-20) 

shows the presence of failing ash and dispersion. The con- 
centration pattern in figure 14 agrees well with the first 24 
hows of 20@^i3*> trajectory (fig. 2A). The ^ offfbe Cal- 
ifornia coast reflects the 150-mb trajectory' (not shown). The 
concentration pattern in figure 3B agrees well with the 300- 
mb (fig. 25) ^ 2:^fKb tegectories (not shown). Some ash 
has fallen from layer 3 to 2 during the first 24 hours. The 
"high" relative concentrations in central California in figare 
W may result from failing ash, but, otherwise, falling ash is 
not clearly evident for layer 2. in layer I (fig. 3C), the ash 
along the coast agrees with the 500-nib and 400-mb trajecto- 
ries (figs. 2C and 2D), but the large region of ash over south- 
era Califomia and into Arizona is not reflected by the 
trajectories. The ash in that region must have fallen from 
layer 2 and possibly from layer 3. 

For the second 24-hour period, again the layer 2 and 
layer 3 patterns correspond to the trajectories. The layer I 
pattern also corresponds to the trajectories but cieariy con- 
tains ash falling from layers 2 and 3. The 500-mb and 400- 
mb trajectories corresponding to layer 1 terminate in central 
Arizona and northeastern Utah, respectively, but the ash 
across Wyraming, Montana, the Dakotas, md Minnesota 
n!ust have fallen to this layer. For boffi 24-hoBr periods, layer 
1 shows falling ash because tihe transport winds are much 
slower than those at higher altitudes. Falling at layer 2 is 
not apparent an output maps because flKs tian^rt windfe 
are simitor to those at layer 3. 

SUMMARY 

A real-time long-range forecast volcanic ash transport 
and dispersioa model has been devdoped for the aviation 
commaraty. The-inodei 'ases NWS forecast wintf fi>efds and 
Stokes' fall velocity with a slip correction for small particles. 
In the model, ash is emitted into the atmosphere to all layers 
by a neaiiy steady eruption cotamn. The model produces 
maps of relative ash concentration in three layers in the 
atmosphere for times up to 48 hour after an eruption. Com- 
parisoB of iscAaac tjajwtories m4 the model oat^ concen- 
ttffion s%)s'i\dw the presence of dispersion and falling ash. 

In m exssBple, the transport and dispersion model 
!*ows to a given region contains fklling ash, but that same 
region may be free of ash according to the trajectory forecast. 
The trajectory model simply predicts an ash particle's posi- 
tion asaiming it flows wifii iie wind at a given ataos|Aeric 
level. However, the transport and dispersion model produces 
a more realistic depiction of the three-dimensional ash plume 
because it accounts for felling md torizotitaKy di^smng 

Hie model generates relative ash concentrations 



because the critical concentrations that affect aircraft opera- 
ticMS mi fee amoimts of ash ss^mMy erufted ae not ki»wn. 
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ABSTRACT 

The purpose of this project is to develop a volcanic 
plume prediction model for volcanoes located in the Cook 
Inlet area, Alaska. Ksnowiag where the adi frfume is and pre- 
dicting where it will go are important for public health and 
safeQ?, as well as for flight operations and mitigating ^o- 
TOffiic d^age. For near-red-tistie plirnie pK«i<aioB, accpi- 
sition of upper-air wind data fee essential part of flie 
prediction scheme. 

In tMs project, near-real-dme meteorologica! <feta are 
provided by the National Meteorological Center, transmitted 
via Unidata. Reading the real-time and forecast wind data, 
the predi<^on model computes advection, diffusion, and 
gravitational fallout for the plome particles from the vertical 
column over the volcano. Three-dimensional dispersal of 
plume particles are displayed on the compateiized graphic 
display as a function of time following the eruption. The 
model predictions appear on the screen about 15 minutes 
after (he eruption rqpoit, showiag fiie geographical distri1»- 
tions of plume dispersal for the following several hours. 
Although the model simulation inevitably has forecast errors 
owing largely to errors in the forecast wind input, flie predic- 
tion product offers a useful guide for public safety, e^e- 
cially for the Cook Inlet area, Alaska. 

INTRODUCTION 

Anchorage, Alaska is one of the focal points of intema- 
tional aviation activities. The city lies close to several active 

and potentially active volcanoes including Hayes, Spurr, 
Redoubt, iliamna, Augustine, and Douglas along the west 
shore of Co<d< Met, and Wmigell Volcano to the east In this 
century Spurr, Redoubt, and Augustine together have had 
eight significant eruptions that have spread ash over a broad 
area of soiith-cmtra! Ala^a. It is necessary to e^aUish a 
reliable scheme for predicting the distribution of volcanic 
ash fall after an eruption in order to avoid unnecessary dis- 
nsptions of aircraft operations. For the plume ptediction to be 
C|»erati$:^, ..an imin«^ate en^lion rep>it and real-lme 



jqjper-air data must be available. A quick response is one of 
the priorities of the plume-prediction systen. 

The Alaska Volcano Observatory (AVO) at the Geo- 
physical Institute, University of Alaska, Fairbanks, has 
direct access to near-real-tiime satellite imagery and upper- 
air weather data (Dean and others, this volume). By combin- 
ing this infoimation with the established eruption-monitor- 
ing network provided by AVO, we have estaWi^ed a 
volcanic plume prediction model that predicts volcanic ash 
dispersal as a fonction of time immediately after the erup- 
tion. TTie upper-air wind data are the fisnifemeEte! input to 
the plume-prediction model. The National Meteorological 
Center (NMC), in Washington, D.C., offers daily weather 
predictions as well as analyzed and imtialized meteorologi- 
cal data on three-dimensional (3-D) gridded mesh. Recently, 
a national program in atmospheric sciences, referred to as 
Unidata, enables university researchers to use the real-time 
N'MC data through a satellite downlink (Sherretz and Fulker, 
1988; Tanaka, 1991a, 1991b). Therefore, the real-time 
if»per-ar wiiui (Ma at« available at AVO. 

In response to the eruption of Redoubt Volcano at the 
end of 1989, a volcanic plume prediction model has been 
developed wiflSn ife AVO (Tanaka, 1990). This project 
incorporates wind data from Unidata for predicting the dis- 
tribution of volcanic ash plumes on a real-time basis after an 
etuption is reported. Using fte real-time and predicted 
upper-air data, the model computes advection, diffusion, and 
gravitational fallout of the ash particles. Three-dimensional 
distributions of the ash plume are displayed on the comput- 
erized graphic display, predicting the direction and disper- 
sion of ash clouds for the first several hours after eruption. 
This report describes the algorism of the present particle- 
tracking model in a Lagrangiaa framework. The results of 
the ^moastrations and the pioceAire of fte informatiotj- 
transfer network are presented. ^ 

UNIDATA 

Unidata 0Jniversits^ data) is a national program for pro- 
viding i5ear-»^-tiffle neissQKdoglcal data to miyersity 
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Figure 1. Example of NMC data received at the Alaska Climate 
Reseanch Cester via Unidata showing the global distribtstion of 
wind vectors at fee 500-mb level, Fd)niaiy 3-7, 1989. Lei^ of 
staff Indicates wind speed; poitstjsr Ri(Sc3tes moS dirKstkm. Ths 
horizontal grid interval available for Utiidata is 5* tor k»igitude mi 
2.5' for latitude. 

aseis. The Unidata program center is located in Boulder, 
Co!o., and it is managed by the University Corporation for 
AteK^pfeerie Resoieh (UCAR). Hie Unidata program 
e^blished its own data feed from the National Weather Scr- 
vijx operational circuit to distribute the near-real-tome and 
fca«<ast mete<»ological data for auiversity asers. Amoog iie 
service pto^mm, fee NMC provides global analysis data 
aal fi»a5as* pi<fei data. The meteorological data are trans- 
mitted Iiy satelite downfink md&r a contract with Zephyr 
Weather Information Service. 

The NMC meteorological variables of zonal and mcrid- 
ioaai wfad speeds, a and v (m/s); t«mpeiature, J(K); geopo- 
tential height, 6 (m); and relative humidity, R (percent) are 
given at 2.5° latitude and 5.0° longitude grids at 10 manda- 
tofy wrtiosi kvefe of 850, 766, 500, 400, 3CX), 250, 
200, 150, and 100 mb over the whole global domain (fig. 1). 
Those basic meteorological variables are transmitted twice a 
dny, for 00:00 m& 12:00 UTC. fo ev<ay data teaasmissioii, 
the global gridded data include not only the initial conditions 
for the weather-prediction model (plus 0-hour NMC initial 
data) but also the data for fee forecasting time of 6, 12, 18, 
24, 30, 36, 48, and 60 hours, provided by the NMC numeri- 
cal weather-prediction model. The initialized global data at 
S»eca^ng time 06M m«y be r^anied as observed data. 

Figure 2 illustrates a relation between NMC data trans- 
mission and the volcanic plume prediction. The twice daily 
NMC data, incIucSng tite forec^t data, are stored and 



continuously updated in the computerized database. The 
database always consists of past observed data and forecast 
data for 2 to 3 days ahead. Therefore, when m emp^m is 
reported, the prediction model can use the present and future 
upper-air data for the computation of plume advection. The 
forecast upper-air wind data for a 1-day prediction soe typi- 
cally as good as the mdyTiM wind dMa (Kdmy and otluirs, 
1990), even though fee amiysis data often «»itsdn comider- 
aUe disctqpsmicy frcm iie reai tq^)er-air wM, 

As an example, figure 3 compares the analyzed wind 
field (solid airows) at the 500-mb level with the correspond- 
ing wind field for the 24-hcw foms^ from I <ky before 
((kshed arrows). The cMlferences appear to be minor for this 
example, suggesting that the forecast wind field is useful for 
real-time piume prediction. However, the accuracy of the 
predicted wind <kpends on the weather situation. For exam- 
ple, tiie prediction is generally good when a persistent 
blocking, high-pressure system stays near Alaska, but the 
prediction is poor when, a low-piessoie systjam is pasangiie 
Cook Wet Ivforeover, the amlyzed wind field, interpolated 
from the upper-air observations onto the longitude-latitude 
grids, often contains considerable errors due to tiie imperfect 
interpolation technique. Yet, knowing the degree of tJi® an^- 
ysis error, the NMC upper-air data is asefW for p!«ane 
prediction when no alternative exists. 

DESCRIPTION OF THE MODEL 

The volcanic pkme profic^n model is constractgd by 
m ^p|ik:a*k» <rf|^iitas* <&5p«tsi(» imKiels (e.g., Praham 
and Oaist«s«a, 1977; Sack crfijars, 1978; Kai aad 

HiJK, forecasting by UnScWs 

I ; ^ 

I >- 

I 

I ^ 



Time (hours) 



-24 0 24 48 



Plume precSicSon 

Figure 2. Schematic dij^ram showing the re!ati<»ii b«ween ti» 
tivice-daily NMC data transmitted by Unidata and fte volcank 
plume prediction. Arrow for NMC data discrib^ a date ^53n forfte 
forecasting time from 0 to 48 hoars. In response to an eruption re- 
port, the volcanic plume prediction model reads the archived NMC 
database to run the model using real-time wi!»i data. 



A pmmmoH scmm for vou;anic ash fall from skjoubt volcano, alaska 
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Figure 3. Comparison of analyzed wind vectors (solid arrows) at 
the 500-mb level and corresponding wind vector of the 24-hour 
forecast from 1 day before (da^ed arrows), the State of Alaska, 
NovemWi 1, 199ft. this example iadfcates&eusefiitasss of ftte 1- 
day forecast data, although the wind OTfflr can be ks^ ^spet^k^ 
on the weather situation (sec text). 



ers, 1988). He mocM js based os the feee-dBmensioial (3- 
D) Lagrangian form of the diffiisioa equation. We assume a 
vertical column of poHutant soiroe th^ diffuses along witb 
ije- <iaissiai!' dsstriijB&Jij Ib #ie»^ 3-i> space. A-^diSHsi<Hi 
aipxjximation of the pollutant turbulent mixing is used with 
3-D (fifSision coefficients to evaluate Ae diversion of pol- 
lutant concetitration. in liie Lagrangian frameworic, dif&^on 
of plume particles may be described by a random walk pro- 
cess (Chatfield, 1984). Here, the diffttsioa is simulated by a 
suffioeiSy laicge nimiBer of rmdom variables r0), (/ = 1 = 
M), representing position vectors of .¥ particles from the ori- 
gin (the volcanic crater). The diffusion is superimposed on 
advectton gravitsrticsia] falloat. 

With a discrete time increment, At, the LagfMigianfonn 
of the governing equation may be written as: 

ri (t -f- AO = r,. (t) + VAt + ZA? + GAt, i=lsM (1) 

where 

r,<j) is a position vector of an zth particle at time /, 
F is tije locaJ wind velocity to adv^ the particle, 
Z = (zh, Zf,, Zy) is a vector containing three Gaussian ran- 
dom numbers with its standard deviation (c^ Cfc Cy) 
for horizontal smd vacticai diiwctioras, and 
G is the gravitational Ml<m speed appracimat^ lyy 
Stokes' law. 

N<^ fljat Am! dUfiision, ZAt, is direction d^xan&n^ and fiie 
gravis settling, GAt, dsgmis on paiticie size. 



For tiK! ccmpatation of advection, the wind velocity, V, 
is obtain^l from NMC via Umdata. The gridded date are first 
interpolated in time onto the model's time step. The cubic 
spline method (Burden and others, 1981) is used up to the 
3-lioar iatm'aL then a linear interpolatioa is &ppli6i for tiie 
5-minute time steps. The wind velocity at an arbitraiy spatial 
point is evaluated using the 3-D B-splines (Burden and oth- 
ers, 1981) fix>m the nearby pidded <kte. 

For the computation of diffusion, we consider iie fol- 
lowing diffusion equation in Eulerian form: 

If = K7^q (2) 

where 

q is the plume mass density, 

denotes a Lapiacian operator, and 

K denotes the diffusion coefficient. 
For simplicity in derivation and for uncertainty ia the mag- 
nitude of K, we consider a one-dimensional case in space 
along the x-axis. Tne solution of the diffusios eqpaation for a 
point source at the origin is given by: 

1 ^ 

which may be regarded as a Gasdaa distobatioa with ite 
standard deviation 

a = j2Kt (4) 

It is ft»»d <im Ae ptame dii^p^rsal, tepment^ by c, 
expands in proportion to Jt . 

On the other hand, a midom walk proc^ in 
Lagrangian form is defliied as: 

r(0) =0. 

r(t + At) = r(i) +z(()At (5) 

where 

r(t) is the position of a particle along the;c-axis, 
t = nAt, (« = 0, 1,2, ...N), and 

is the zero-mean Gaa^an random number with ils 
standard deviation, c. 
For this random walk process, the standard deviation of r{t) 
is given by: 

c? = cJtAt (6) 

Comparing these standard deviations in Eulerian fonn and 
in Lagrangian form, we obtain a relation betweoi the <Sflfu- 
sion coefficient, K, and tie daf&sioa ^>eed, c, as: 
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The diffusion velocity depends on the time incremaat of the 
discrete time mtegratioo. We me At - 5 raia«t^ in Ms 
study. We have repeated diffusion tests with various values 
of K, and the resaiting dispeisals are compared with satellite 
images of &dmsi dfepersafe &obi Redbibt Vc^caao. Witibt 
these diffusion tests, we find that the appropriate diffusion 
coefficients are KfrlO"^ (m^/s) and A^iO (m^/s) for the 
htmTxmtzl and vertical directions, respectively. Note that 
vAies may be different for other volcanoes. 

The diffusion speed may be sensitive to the scale in 
consideration. For example, the present value of the diffu- 
sion coefficient varies as the horizontal scale, which ranges 
from several hundreds of kilometers to 1,000 km in length. 
Figure 4 iilusbates a result of the diffusion test. The steady 
phime at tte oiipQ i^reads downsteeam of the souroe uiKier 
the infloence of con^aut vsHlnd. Hie tl^r^cal stan<brd 
deviation of the pluRK! <fei|^rsai is sK&ated 1^ tite parsMic 
solid line in the figure. 

The gravitational settling is based on Stokes' law as a 
ftmctjoR of the particle size, dj. The fallout speed |<j| is 
approximated by the terminal velocity below: 



2pgdf 
9n 



(8) 



p is the dbasity of piunie paiticles, 

r\ is fee dynamic viscosity coefficient, and 

g is the acceleration due to gravity. 
We have assumed a constant for pg/r\ = 1 .08x1 0^ m~^ s~' for 
siai|^ki1y. Tte actual eruption cxjuteins large fragments, up 
to few centimeters in diameter, as well as fine ash, which 
occupies a continuous particle-size range to less than I ji.m. 
Large particles typically setie o«t wiftin a short time, and 
tiie particle-size spectram la the air Shifts towafd SKidiler 
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i%;i]re 4. Plan view stora^ a 1 2-hour particle diffusion test for 
a sKsady plume at a ojnstaitt 2»nal wind of 10 m/s. The parabolic 
lim in &s figm% indkates a tijeoretical standard devia&m of the 
plome distriimtion. 



particles. Because we are interested in particles that can 
travel for sevearal hoars, we have iKisamed ihat the initial 
particle-size distribution is centered at 100 p.m. It is 
assumed that the size distribution in logarithmic axis has a 
GJBissiaB disttibitf on. Thus, about 95 percent of die parti- 
cles are supposed to have diameters between 1 p.m and I 
cm. Using Gaussian random numbers, every particle is 
assigned wi& its own diameter, between 1 p.m and I cm, 
when it appears at the volcanic crater. In practice, particles 
larger than 100 p.m drop quickly, within a few steps of time 
integration. Particles that are less than 100 pm in diameter 
can travel far from the source, providisg important informa- 
tion on plume dispersion. 

The initial particles are modeled to be uniformly dis- 
tributed in the vertical coiama, between the top of the enq)t- 
ing volcano and the specified plume top, using a uniform 
random-number generator. The altitude of the plume top is 
assfflned to have been reported to A VO by visual observers, 
which may include pilot reports and reports from ground- 
based observers. In a case of a short-lived explosive erup- 
tion, ash particles are generated only for the initial time of 
time integratioi!. When the eruption dbniintses for a 
period of more than a few minutes, the model generates new 
particles over the same vertical column for every time step 
daring the specified eruption period. For a steady eruption, 
the particle number tends to increase in the model atmo- 
sphere before the plume particles have dropped out There- 
fore, the mrniber of pafliples r^eased at ev?iy time is 
adjusted to draw oj^iffiai st^isd<^ mSixmsikm frcsn the 
model products. 

is kept at less than 1.000. Although it is possible to increase 
the number toward die limit of computer capability, the time 
iritegratKin will U»eii be consaferaWy ^wer, wWdi is a dis- 
advantage for the urgent prediction requirement. Likewise, 
excessive complication and sophistication are not recom- 
mended in the present application for urgent operational pre- 
diction. For comprehensive numerical predictions, refer to 
Sullivan and Ellis (this volume), Heffter and others (1990), 
Kai and others (1988), and Draxler (1988). 

The plume-prediction model is tested first with a 
sheared flow in the vertical. Advective wind in the atmo- 
^here has vertical ^ear with larger velocity, in general, at 
Mgher aJtitude. Figure 5 illustratts the result of ^ vertical 
cross sectioas of a plume-puff simulation for I fiirough 6 
hours srfter the eruption. Concentrated a^ paiticles are 
released unif<HJiitly ov^r the vertical coiuma ts^tom altitude 
of 10 km at fte cdgin, "Hie pteme clouds Mk dowii*eam 
by sheared flow. They diffuse and become thinner due to 
removal of larger particles. The result simulates reasonably 
well the transport of the ash plume. 

The plume-prediction model is tuned by comparison 
with actual eruption records of Redoubt Volcano (Brantley, 
10$d). Model simukticms are conducted fbr about 30 mi^or 
dxd minor eniptioas during December 1989 through Apil 
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i990, and the resulting pramc-cloud distributions are 
compared with satellite images (K. Dean, University of 
Alaska,: cfmmm.t h^l). Hi^tta^^, §tx iik pmod, 
the Cook Inlet area is mostly covered by dense weather 
ciouds, and there were not many satellite images that cap- 

Figure 6 illustrates a steady plume cloud for Deccinber 
16, 1989, simtdated by this model. Bec^se Redoubt was is 
aear-c<Minuo«s ash emisston on this date, we started fee 
simulation assuming the eruption occurred at 10:00 UTC. A 
linear cloud extends from Redoubt Volcano toward the 
northern part of the Kenai Peninsula at 12:30 UTC. In the 
figure, open circles represent particles higher than 1,800 ft 
and solid circles represeia particles lower than 1,800 ft. The 



simulation result is compared with satellite images from the 
NOAA-ll advanced very high resolution radiometer 
(AVHRR) 9t 12:18 UTC (see fig. 7). in figwre 7, the bl«dc 
area over Cook Inlet describes a relatively dense ash cloud 
and the shaded area over the Kenai Peninsula represents a 
thin ash ck«id. I!^ sateite itm§& <^sajbes flie defailed 
structure of the cloud, which is beyond the m.odel's resolu- 
tion. Nevertheless, the overall agreement between the simu- 
iEa<»d and olserved phime disfidbtitioiis is encouraging. 

Figure 8 (A-D) illustrates a sequence of graphic prod- 
ucts simulated for the eruption on January 8, 1990. The erap- 
tion started at 19:09 UTC and continued for 30 minutes. At 
20:00, a cellular ash cloud is located near Redoubt Volcano 
(fig. 8A). The cloud crossed over the Cook Met and reached 



A \ \ 

















D 








; .' % •- 

i y iir' : 






^...•.....;..ar..,»t 











B i j 

























E 














* 


■r-i-'j'-'f 

rife* 

r ,„..:„. . . 


• «• * I 

*** : 



c 






















"JfJ, .3^ 

s 




. , , , 


.... 















.... 




i ^ 

: »•••»' 

1, .„ ..„. 


•W-t^J 

r 

Uf- • \ 

. . . ! 



%&S 200 »Kt 400 500 600 0 

DISTANCE FROM ORIG 



H, 



m 3(Xf m 

IN KILOMETERS 



soo 



m 



Figure 5. Vertical cross sections of a puff plane simulated for 1 through 6 hours after an eruption. In this test run, the initial ash particles 
are released uniformly over the vertical column up to an altittide of 10 km at the origin. A, plume simaiation 1 hour after eruption; 5, plume 
stmuIatioB 2 hauts ator eruption; C, plume simulation 3 hoias after enqjtion; D, plume samiation 4 hours after en^tion; E, plume simulatsois 
5 hoars after ^iqstiats; F, plvme sfetdation 6 kmrs after ensptkm. 
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Figure 6. Simulated geographical distribution of particles from a 
steady plume for eruption of Redoubt Volcano, which started at 
10:00 UTC, December 16, 1989. Hiusftatioti rfsows fee mode! result 
at 12:30 UTC. Open circles, particles higher flsffi 1,800 ft; solid cir- 
cfcs, {Articles lower fiian 1 ,800 ft. 



the Kenai Peninsula at 21:00 (fig. SB). The cloud traveled 
over the Kenai Peninsula, indicating north-south elongation 

at 22:00 UTC (fig. 8C). A witness report describes that a 
dense volcanic ash cloud passed the western shore of the 
K^i Peninsula at this time (Brantley, 19^), an4 ia down- 
town Soldotna, day time turned into darkness during the pas- 
sage of the dense ash cloud. At 23:00, the nortfaem edge of 
tite elongated cloud reacted just the south of Anchorage, and 
the southern edge of the cloud passed the Alaska coastline 
(fig. ZD). The simulation results are compared with a satel- 
lite image at 23:13 (fig. 9% which cleaily shows a fe«r 
plume extending from the northern Kenai Peninsula to the 
Pacific coast near Seward. The satellite observation agrees 
well with the tmxM sktuii^cs!. 

The graphic outputs (fig. 8) arc stored in computer 
memory, which is c<Mffl«»d with other systems through 
compirter networks. The final stege of pfonw prediction is to 
distribute the graphic product to various users, including the 
Federal Aviation Administration (FAA), the National 
Weather Service (NWS), and the response cent» of the 
Alaska Volcano Observatory in Anchorage. In principle, any 
system connected with the cthemet electronic mail network 
can receive the graphic product through the n^ork, and 
users in Anchorage can access the graphic product by tele- 
phone modem. For users without any con^uter facility, the 
graphic |HX>duct is distributed by telephone facsimile. 

This study demonstrates that the prediction model can 
provide useful information when it is applied for a real 



eruption. We have repeated similar demonstrations for each 
of the eruptions of Redoubt Volcano in 1989-90 and for ML 
Spun in 1992. The results are compared with available sat- 
ellite observations in onler to increase the reliability of the 
prediction model. The model output will be especially useful 
when Cook Inlet is covered by dense cloud when neither sat- 
ellite c^jservatiotis nor pilot's visual r^^rts m available. 

SUMMARY AND REMARKS 

A volcanic plume prediction model has been devel- 
oped for Cook inlet volcanoes in Alaska. Reading the real- 
time upper-air data provided by NMC via Unidata, the pre- 
diction model computes advection, diffusion, and gravita- 
tional settling for plume particles released from the vertical 
column over the volcano. Three-dimensional distributions 
of the simulated plume particles are displayed on computer- 
ized graphic display. Hence, we can have important infor- 
mation on the predicted location of the ash plume in a real- 
time basis. 

The model predictions, showing the projected geo- 
graphical location of the plume clouds for several hours after 
the eruption, can appear on fee computer screen about 15 
minutes after emption reports are received. This prediction is 
immediately available for users through existing computer 
networks. The graphical model output is distributed to 
related organizations using ordinary telephone facsimile. 
The present model simulation will have forecast errors 
owing, in part, to the errors in the forecast wind input. 
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Figure 7. Sketch of satellite image of the steady plume at 1 2: 1 8 
UTC, December 16, 1989, derived by analysis of NOAA-I I data. 
Figure has been scaled to permit comparison witti figure 6. Black 
area shows dense core of the ash cloud. Stippled area shows diffee 
margin of the ash cloud (Kienle and others, 1990). 
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Figure 8. SimaJated gw^ra^ical (Saritxtf <hj «F a p«ff piwme fw flie era|^ of Re&>uJ« Volcano <hj January 8, 1990, at 19:09 UTC. 
M<xM xm&& are slu^vrai 4 20:00 UTC; 5, 21 m UtC; C, 22:00 UTC; 23:(K) UTC. 



Aaxardiug to the latest statistk», apfwr-air wind has Asu* 8 
m/s root-mean-square (RMS) error on average for the North- 
cm Hemisphere (Kainay and others, 1990). Nevertheless, iie 
predtcttOD product, knowing the possible prediction errors, 
can offer a useful guide for public safety. The use of gridded 
data from a finer mesh weather prediction mode! would 
improve the advection computation. Because the NMC grid- 
ded data used in this project cover the whole globe, this pre- 
dictioB model can be applied for other volcanoes around the 
world. 
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Figure 9. Satellite faise-color image of the Cook Inlet area of Alaska showing ash plume produced by the eruption of Redoubt Volcano 
on January 8, 1 990, at 1 9:09 LTC. The image shows the distribution of the ash plume at 23: 13 UTC on January 8, 1 990 (compare with figure 
8D). The ash plume is elongated to the south-southeast and is shown in pink. The pink cloud east of the linear ash plume is a weather cloud 
and does not contain ash. 
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ABSTRACT 

The International Civil Aviation Organization (ICAO) 
requires waminp asd ffight-plarming information ^ut one 
of the most potentially hazardous but non-meteorological 
aeronautical phenomena ifest existe, volcanic ash. This paper 
discusses tiie provision of required information based on fee 
ftxpetksmxs gained from eraptions of Mount St. Helens and 
Recbi&t Vokaaso in the United States. The frequency and 
duration, of Aese eruptions, as we!! as the lack of giadelines 
about ^ concentrations and their affect on aircraft, have 
made it difficult to meet the requirements for suppomng safe 
and efficient aerotmuttcal operations wife avaMable informa- 
tion messages. While progress has been achieved with warn- 
ings and flight-planning data, efficient dissemination has not 
been achieved for gr^Aiica! rqaesaat^ons of ash clouds. 
Meeting aeronautical information requirements for this non- 
meteorologicai phenomenon requires cooperation, research, 
and :<kyjel£ps^t.itmo)B^.,|^(^k..k: vffious dise^dim to 
attain safe md elSciestt opes^km. 

INTRODUCTION 

The experience gained in providing meteoroiogical 
information on volcanic ash clouds to those in aeronautical 
opers^OES has ti^dted in adjusting some procedures to 
accommodate requirements. This paper briefly discusses fee 
requirements and challenges and bm supp«t vM be 
improve4 primarily titacugh asmmuxHcatioss, m fee near 
fiiture. 

Dtaisg fee past {tecade, a mimber of aircraft have 
encountered volcanic ash clouds while in flight. Three inci- 
dents involved loss of engine power and posed potential 
disaster for passengers and aw; feese encounters caused 
extensive damage to the aircraft. Fortunately, such incidents 
have been rare, and disaster has been averted because of 
good crews ai^ eqppaea*. Hiese mcKfatts bave, iKwevea-, 
instilled a healthy awmpffitsm of and t^^txX fbr fee pnAte 
of volcanic ash. 

TM relative inJBreqpency of large volcanic mif^ons 
fee ir^ili!^ to pEe«&t cmet oi mi^^&^ m m 



amnautically timety tsmmeic iasceas^ the potential cknger 
faced by crews and operators. In spite of fee non-meteoxo- 
logical nature of volcanic eruptions and ash, the responsibil- 
ity rests with meteorologists for. (I) the issuance of 
alphafflumeric significant m^eoiological (SIGMET) infor- 
mation to warn of the hazard, and (2) the inclusion of ash- 
cloud information in abbreviated, plain-language, area fore- 
ca^s and on significant w^feer dmts used tot fE^t 
planning. 

Satellite images, radar data, aircraft reports, and coop- 
eration and information coordination wife volcanoiogists are 
all essential for early detecti<Hii of SEtq^tais and for tracking 
ash clouds. Howev^, fe«e mt c<waferi>le fiEoitetifflES 
inherent in the system feat provides SK5MET infotmi^akHi. 
Two limitations are: (1) forecastii]^ the onset of eruption 
wife the timeliness reqpired fts: aeronautical opera- 
tions— feis goal will cemkiy elude meteorologists, and (2) 
determining fee concentration of erupted ash particles and 
(<»•) ^ses that may or naey 3K« affea akcraft. Hopefully, 
stodies that a(Mress feese lintifeitioiB will also provide guid- 
ance as to when ash concentrations are sifficieaMy low so 
feat the ash no longer threatens aircraft. 

Wind data in fee form of particle-trajectory and disper- 
sion-model forecast for fli^t pl^eming are menttalty fee 

only aspect of the volcanic eruption and ash problffidB feat 
adheres to meteorological prediction principles (Murray aisd 
a&ieis, Ms vdbme; Stundar md i^Hter, tfeis volume). This 
means that meteorologists need help in providing the best 
ash-cloud-waming service for the aeronautical community. 

The experience in the United States for i^uing ash 
cloud warnings and SIGMET' s began with the eruption of 
Mount St. Helens in 1980. The St Helens experience dif- 
fered asnsderatt^ ftom fee more fean 25 eniplicffls at 
Redoubt Volcsme, which is 177 km southwest of Anchorage, 
Alaska, and to which meteorologists responded beginning in 
Etecember 1989. Mount St. Helens ers^ptions were loagsr in 
duration and less frequent that those of Redoubt Volcano. 
Initially, each Redoubt eruption lasted several hours, and 
mt^umt eiui^ons, some amsisiwg, primarily of ^eam, 
h^e^: less, feai ^ mimites paaaflqf, 1 9^). 
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ALPHANUMERIC INFORMATION 
REQUIREMENTS 

The international requirements for reports, warnings, 
and forecasts about volcanic ash are contained in the ICAO 
publication entitled "Meteorological Service for Intema- 
tiooal Air Mavi^tikMO, Amiex 3," (ICAO, 1992) — tfe |«b- 
licalkia is l)^7ein^to refeed to as "ICAO Annex 3." 
United States domeslks mi lEtemational procedures and 
poiia^ meetisg ftese re^ranwjte are detailed ia Naticxial 
Oceanic and Atmospheric Adrninistration (NOAA) and 
National Weather Service (NWS) operations manuals. 
WitiiiB tiie United States, additional measures are taken 
both from a warning md fii^t-planning point of view. For 
warnings, NWS meteorologists assigned to air route traffic 
control centers (ARTCC) provide center weather advisories 
(CWA's) as a qaidk response to new or quiddy changing 
conditions that may not be detailed in SIGMET's prepared 
by meteorological watch offices (MWO's). For flight plan- 
ning, trajectory iafbntnation (see Rec^t DeveJopmmts ac- 
tion in this paper) is provided to aeronautical and 
meteorological facilities in accordance with existing agree- 
ments. Cunr^tiy, rffis iaforaas^on is distriiwted on a lim- 
ited basis, but extensive distribution of flight-planning 
information through meteorological graphics communica- 
tions systems within the United States and internationally 
are planned and are Rearing fruition. This will result in 
extensive distribution of this information to the aeronauti- 
cal COTJUsusiitji' and to iafbnnatioii providers. 



REPORTS 

Recommended practices concerning observations and 
reports of volcanic activity by meteorological stations are 

described in the ICAO Annex 3 (chap. 4, p. 20): "The 
occurrence of pre-emption volcanic activity, volcanic erap- 
tiois, aad volcaadc ciotids ^tould be reported wiihoat 
delay to the associated air traffic services unit, aeronautical 
information services unit, and meteorological watch office. 
The report diOuM be madb in tJie form of a volcsmic ^v- 
ity report fVAR — see Fox, this volume] corapasifflg &e fol- 
lowing information in the order indicated: 

a. Message type: volcanic activity report, 

b. Station identifier: location indicator or name of 
sfetios, 

c. Date and time of message, 

d. Location of volcano and name if known, 

e. Concise description of event, including, as appropri- 
ate, level of intendty of volcanic activity, occunrace 
of an eruption and its date and time and the existence 
of a volcanic ash cloud in the area together with 
diiectics) of cloud movement and hd^^" 



The standard concerning aircraft observations and 
rqjoxts ftat is cited in ICAO Aimex 3 (chap. 5, p. 24) is thsrt: 
"^^i^ cdtservatioiis shall be tmds by all aiioaS 
wh«Bev«r... 

c. Voicaaica^ is observed or ©acoii«ei«d,... 
e. Pre-eruption vokaaic activity or a volcanic asii>tioa is 
cJj»v«i." 

Note — ^Pre-eruption vdasnic activity, as used in bc^ ooa- 
texts cited above, means uimual aM (or) iocii^ng volca- 
nic ^tivjty that could ps^ge a vdk^c eri^tioa. 

The ICAO standard for the con^ts of special air 

reports of pre-eruption volcanic activity, a volcanic esaf^bn, 
or volcanic ash cloud and their order in Ae volcanic activity 
report (VAR) (Fox, this volume) is: 

• Aircraft identification, 

• Position, 

• lane, 

• Flight level or altitude, 

• Volcanic activity observed, 

• Air temperature, 

• Wind, and 

• Supplementary iafoirmation. 



SIGMET INFORMATION 

SIGMET's arc aeronautical meteorological warnings, 
and they are issued in alphanumeric form. The ICAO Annex 
3 (dbap. 7, p. 34-36) standard on Ihe issuance of SIGKffiT 
infcaxnation includes the occurrence and (or) expected 
occairencc of volcanic ash cioud at subsonic, transonic, and 
supersonic cruising levels. The recommended issuance of 
"SIGMET messages concerning volcanic ash cloud... 
expected to affect a flight-information region (FIR) should 
be issued at least 12 hours before the commencement of the 
l^od of validity aad should be updated at least eveiy 6 
hours." 

This requirement combined the short-term requirement 
for hazardous SIGMET information and the longer tssm 
requirement for flight-pianaiag data. However, at tlie ICAO 
a)mmumcations-meteoroIogy-operations divisions and the 
World Meteorological Organization (WMO) commission on 
aeronautical meteorology meeting (September 1990, held in 
Montreal, Canada), several states that have had experience 
with volcanic activity SIGMET's indicated that permitting 
tiw period of vadK<ity of SIGMET's for voteiic ash to be 
extended up to 1 2 hours, in their opinion, was quite impossi- 
ble given current volcanic-activity-observing techniques, 
espeds^y ccHBceceii^ ^ p»ti<^ saze m& (feaaty. 

Even though the veqaimn&& does state "up to 12 
hours," local user requiremeate diring the Redoubt Volcano 
enip^ons led to SIGMET updates as ofbsa as every 2 hours. 
This implied a dichotomy of purpose for the SIGMET (i.e., 
updates every 2 hours and the requirement for an outlook for 
to 12 Imrs). 
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A few initial Redoubt Volcaao eruptions in December 
1989 asd Jaauary 19W lasted ap to several hours; subse- 

queat eruptions lasted usually less than 30 minutes (Brant- 
ley, 1990). With the frequeacy and duration of Redoubt 
Volcfflio esMf^oas, fteMWO iaaiaig SICMET's w<Mjl<isot 
have been able to comply with the spirit of the long-term 
requirement at the volcano or for flight-information regions 
(PfR's) tsiSsxMd dbwBSfif^as by tiie ash dbud. 

Another significant aspect of SIGMET's being valid 
es^ESiaily from 12 to 24 hours is that the area encompassing 
volcanic ash could be large. Sitoatiom did ocxsir at 
Redoubt Volcano whereby ash was spread at high levels far 
to the southeast and at low levels to the north and northwest. 
In this case, the area was already quite large. However, con- 
sider the area that would be covered by ash with the wind 
directions indicated above and with a speed of 100 knots at 
high levels and 25 kssM at low levels for a period of 1 2 to 24 
hoars. A SIGMET encojii|»tssffig«ch as ash cloud would be 
meteoiologicMly supportable b« «^>ffltatiojrf:ly diffiailt to 
implement. Even the 4-hour-vaHd-period SIGMET's issued 
for the initiai Redoubt Volcano ckfwis resulted in large 
areas that unnecessarily restricted air trafto — this is a coa- 
siderable impact at or near high-density routes aad aeto- 
dromes, such as Anchorage International Airport. 

Ash dispersion can quickly become complicated and 
can cover extensive areas with ash that is emanating only 
from the source. However, rapidly transported ash at high 
levels that fells hrto lower levels with different wind direc- 
tions essentially results in multiple, albeit less concentrated, 
sources and an extremely complicated ash-cloud pattern. 



SIGMET DISSEMINATION 

SIGMET's are disseminated over teletypewriter or 
computer networks in alphanumeric, abbreviated, plain lan- 
^ge. !CAO Annex 3 (p. 36) recommends that "SIGMET 
messages should be disseminated to meteorological watch 
offices,... and to other meteorological offices, in accordance 
with legiooal air navigation s^i^ecnent" 

GEAFHiCS REQUIREMENTS 

The requirements for graphical information (i.e., charts 
for flight documentation) reside in ICAO Annex 3, chapter 
9, and is entifled "Service for Operators and Flight Crew 
Members." Flight documentation, usually in the form of 
charts, is provided "to operators and flight crew members 
{<x: 

a. Pie-flight planning by operators, 

b. Use by flight crew membas before departure, 

c. Aircraft in flight." 

Fc»r pie-fii^ planning purposes by the operator, the 
ICAO recommendation for signifi<ant en-route wea&er 



information is that the information should normally be sup- 
plied as soon as available, but not later iian 3 hours before 

departure. 

Prior to the iCAOAVMO meeting in 1990, different 
ways to portray volcanic ash m significart wealJier charfe 
were tried in the United States for the Redoubt Volcano 
eruptions. However, the inclusion of ash clouds on signifi- 
cant weather forecast charts ca»^ caacem jonong aeronau- 
tical operators. One of the early Redoubt eruptions occurred 
before the significant weather chart was disseminated, and 
the pKgecttd ash cloud ssea was deteonin^ by trajectory 
information. This area was enclosed by a scalloped line and 
identified with a plain-language note. Unfortunately, the 
area enclosed was larger tihan it mi^t have been under those 
meteorological conditions, and it caused some anguish 
among users. It should be noted, however, that large areas 
can be expected under certain meteorological additions. 

Experience with these dbiaits showed that: 

1 . Inclusion of ash clouds on sipiificant wea&er forecast 
charts is consistently possible only if iJie volcan© 
erupts shortly before or during the preparation of a 
chffift and, of course, if the meteorologist is notified in 
time, 

2. Providing long-term (up to 12 hours and beyond) vol- 
canic ash information by outlining the ash cloud on 
significant weather charts, while possible, may be 
confiising and may be a disservice to the aeronautical 
iser when the area delineated is agaificajrtiy lascgo' 
than it might be or if the chart is prepared for an m^- 
:ti«m.iiat turns out to be mo&iy stesn Qma&f post^ 
IMe or no hazard), and 

3. The lead time that must exist so that the charts are 
available to the operator, in addition to the time 
required to prepare the chart, makes it an extremely 
difficult task to include the information as precisely as 
desirable. 

The Redoubt Volcano experierice led the United States 
to suggest at the September 1990 ICAO/WMO meeting that 
&e best to inform Si^t ftenm jd>^ vok»k ash was 
to include a statement such as "see potential SIGMET's for 
volcanic ash" near the volcano on the significant weather 
chart— to statement would be included on all significant 
weather charts until the volcano becomes inactive again. 
Discussions pointed out that longer term., precise informa- 
tion on the occurrence and location of volcanic ash cann(« be 
adequately depicted on significant weather charts. The rea- 
son for this is that these charts should be in the users' hands 
some 9 hours before the valid time — ^this time corresponds 
approximately to die midpoint of tibe flight Also, these 
charts are prepared up to 6 hours before being disseminated. 
The net result is that a volcanic eruption and ash cloud may 
have occurred at any time during a period of 15 hours and 
may not be depi<aaJ on the significai^ weaiier dsart diat tliBS 
air crew recdves. It was agreed at ^ meeting an ash 
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ftaniaxMrnit^ii^ mdvM j^sMy for siKHt-^m ©rapticms 
b&mm of fejiiBg and dissemination requirements. 

The participants at the ICAOAVMO meeting in 1990 
felt that WMO should be requested to develop, in 
consultation wifli ICAO,«a|px*prisae sy mbology *d iqptesest 
the volcanic ash phenomenon on significant weather 
charts — this resulted in the recommendation that WMO, in 
ooKslfeitea wii KIAO, develop appropriate symbology to 
represent the occurrence of volcanic eruptions on world-area 
forecast system significant weather charts. Subsequently, it 
was agreed that symbology would be added to the significant 
weather chart at the location of the volcano and that adequate 
information would be added to the legend of the chart, 
including a statement ad^dsiag cmcemed air orsws to 
inquire about SIGMET's in an area where a vol<»aic &mp- 
tion or ash contamination is suspected 

EECENT DEVELOPMENTS 

Since the First International Symposium on Volcanic 
Ash and Aviation Safety in 1991, graphic information has 
be«n developed. The volcanic ash forecast transport and dis- 
|«rsion (V AFT AD) model, developed by National Oceanic 
and Atmospheric Administration (NCAA) Air Resources 
Laboratory, is a three-dimensional, time-dependent depic- 
tion of the volcanic ash cloud (Stunder and Hefftcr, this vol- 
ume). Eruption input includes volcano name and location, 
eruption time, and ash-cloud-top height. The model assumes 
a given particle-size distribution throughout the initial ash 
cloud. Ash is advected horizontally and vertically as it falls 
tisron^ Ifee iteoqphm!, using dtto tbe Wa^angton World 



Area FofOJast Center gjoija! wind and temperatare computer 

model data or a U.S. regional model. 

This graphic isformatios, produced automaticaiiy and 
^hottiy after notification of an eruption, will be disseminated 
internationally in addition to significant weather charts on 
ICAO worid-area foia:aa sysMsm mdlke broadcasts. 
Bto«lc3£^ opets^ ijy !3te Ifeited S^es wre expected to 
begin in late 1993 or early 1994 over the Americas and in 
iate 1994 over the Pacific Ocean-eastem Asia asea. Is tite 
IMted States, the graphic will be dii^miimted m me^ecm- 
io^bd c<»pit» mi ^^1mS^emk^<m ^sterns. 



SUMMARY 

Prc^ons heed by ineteoisrfogistt mi operators con- 
cerning: (1) when and where an eruption may occur, (2) the 
timely notification of an eruption in the aeronautical sense, 

property, contribute to the difficulty in providing useful vol- 
canic ash information. However, improved dissemination of 
information will significantly assist in plaiaiHi^ for efficiffitJt 
flight and will coiJtritoteto safe operations. 
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ABSTRACT 

This paper proposes a methodology for predicting the 
airspace that aircraft should avoid when the air contains vol- 
caxic asfa. The proposed methodology consists of an ash- 
transport model and an avoidance-region-definition model. 
The ash model estimates fee txmspoxt of psxticlss from 
volcanic cloadS By iiiBiSit win<3fe. The avoiiaarice-iregion- 
definition model ases predicted particle locations to deter- 
mine a volume in airspace of minimal cross-sectional extent. 
The methodology is based on use of a personal computer and 
est estimate such avoidance regions in near real time. Indi- 
vidual elements of the models are operational but need to be 
configured with a user-friendly interface. Modules must be 
added to bring in wind data ^rcm all ^;<^s%Ie scmtces and 
to generate a mass-consistent wind field. Furthermore, sen- 
sitivity studies need to be conducted to ensure that useful and 
not overiy conserv^ve i«sulfe are goKiated. A model «idj 
as this could link a volcano observatory, a w^her station, 
and an aircraft operation center. 

The avoidance volume contains all possible ash-cloud 
particles at a user-speaffed'thtie of nrterest. avoitooe 
region is defined as a rectangular prism extending from the 
ground to the top of the volcano cloud. The ash-transport 
model includes the following key elements: the spccifxation 
of initial cloud conditions and a three-dimensional wind 
field, the transport and dispersion characteristics of the 
atmosja!^i«,*ittd the particle tetmiiiaI'M! velocities. The ini- 
tial conditions of the cloud consist of a description of cloud 
geometry, mass distribution, and particle-size distribution. 
This iffltial cloud is tefm&Mad by a mamhet of horizrantal 
wafers, each containing the mass and effective radius of each 
of the particle sizes of the distribution. The location of rep- 
resentative particles sw coap«*t^ vsiA a modifi^ed E«ier 
nKtihod, using a time-dependent wind field. Dispersion is 
modeled by an empirical correlation. The fall rate of a parti- 
ek is tofflrmiaed from its local terminal velodty, which Is a 



INTRODUCTION 

The hazard to aircraft systems due to encounters with 
volcanic dust has been amply demonstrated over the past 20 
years (Casadevall, 1992). Sevmi SHTcraft haw harf life- 
threatening encounters with volcanic dust, and extensive 
damage has required expensive repairs of aircraft Wind 
M^S'me-nTsa^ ■tea<&^«(^es'l>ecome-e«^^ «Hid^exces- 
sive ingestion of dust by aircraft engines causes compressor 
erosion and deposition of melted ash in the turbine. Upon 
sev«PB gteiic^cH*, aroraft mpms saife tend ^^eiScmt 
and are difficult to restart. Two Boeing 747-200 aircraft 
encountered dust from Mt. Galunggung in June and My 
1982 (Tooteli, 1985) sMexpemaced engii» flartK^xit For- 
tanately, the crews were able to restart the engines and land 
the aircraft safely at Jakarta. In December 1989, a B-747- 
400, bound from Amsterdam to Anchorage, encountered fee 
volcanic ash cloud from the Redoubt Volcano and had a 
four-engine fiameout. Fortunately, the pilot was able to 
restart the engines. The aircraft suffered a^^xima^y $^ 
million of damage (Steenblik, 1990). 

There a^ currently no safe procedures for operating air- 
caraft v/bm encounteriisg sdh clouds from erupting volcanoes. 
Pilots can report suspicious clouds through pilot reports 
(Fox, this volume), and they can follow recommended pro- 
ceAires developed by tfce Awo^pace Iticbstries Araodartion 
volcanic ash committee (AIA Profmlsion Committee 334-1, 
this volume). However, ash clouds are often difficult, if not 
impo^tbie, to avoid bwause, even to the trained eye, a dust 
cloud at high altitude may look like an ordinary water/ice 
cloud. One approach to minimizing the chance of a fatal 
SKxidei^ is to cancel all flights into a region defined by some 
radius around the erupting volcano. Such an estimate of 
affected area could be so large that such an action could 
severely impact local ecoiKonies and be costly to the aitliti^ 
due to reductions in passenger and freight load. 

There is a need for a consistent procedure that can 
acciHsaeiy define !3» airspa«» Hat could be a hazard to air- 
craft. Ooce mA a segioa is defii^: kcm .be^bixiadcast via 
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lie NOTAM (iKjtice to sirmm) pitK^ss to aircraft tiiat are 
^TOas^g tite hazardous airspace. This paper proposes a 
ample metiiod, easily implemented, that could provide 
planning and real-time guidbnce about the location of the 
hazardous airspace. The approach defines a minimum vol- 
ume of airspace inside of which all hazardous ash particles 
are expected to be present at the time of the forecast. 
Therefore, the region outside this minimum volume would 
be a zone in which aircraft can safely operate. Uncertain- 
ties in winds asid methodology can be accounted for by 
suitably defining mode! psurameters that enlarge tiie 
hazardous region. 



REQUIREMENTS 

Aiiy procedure that defines a restricted region as 
desaibed above mtist be simple and easy to «se, fast ran- 
jrag, use local meteorology, make use of existing hardware 
aid protocols, and be updateable. The underlying concepts 
of the procedure mxxst be easy to MMtestead and must be 
intuitive; the procedure should be operable by virtually 
anyone without comprehensive traioHig or refresher ses- 
akms. The iBfpeqaent and widely distributed occurrences of 
volcanic evens meaai titet the procedare would be used 
infrequently. 

The procedure *ou!d be fest running so that near- 

ii^tantaneous forecasts of airborne ash concentrations can be 
made. For this application a beginning-to-end forecast 
^ould take no longer ttei 5 mmutes. The model shaiM 
local meteorology, including local measurement%.s^besev^ 
possible. Eves feough forecasts are generally amWjle aad 
ws3«id probj^jly be losed to gesioate the fest e^msates, tfce 
variability due to local or neighboring terrain should be 
accounted for either explicitly or statistically. The use of 
local measurements should be of high priority because they 
could be the only reliable source of accurate, high-resolution 
information. The model should make use of existing hard- 
ware and protocols. This facilitates implementatioss md 
sJIows a wider distribution of the results. 

The procedure must be easy to update on a regular 
basis to provide a revised forecast of the hazardous region. 
Such revisions should be made frequently, but they are 
obviously dependent on the acquisition of better initial con- 
ditions and winds. 



The proposed mefeodology is based on defining a keep- 
out or restricted region in airspace. Aircraft would stay out- 
side of this region for a specified time period. The region is 
defined as a volume reaclitag from the ground up to tl» top 
of the volcanic cloud. Alternate, user-specified definitions 
could also be used. This geometry was chosen so that its 



i^ecific^tioQ is re^Sly itr^lemtaited in ^ exis^ng NOTAM 
process isy wfaidi only ample messages can be transnitted. 
More el^rate procedwes can be devised. 

Hie proc^ involves ttie computsUGa of |»rticle dis- 
placements for different aerodynamic sizes from differoit 
altitudes, much along the lines of Hopkins and Bridgeman 
(1985). As particles settle, titeir tnyeclones are primarily 
affected by winds, atmospheric turbulence, and their own 
physical features. Other processes can be important, but they 
generally serve to reduce dust concentrations in the air and 
reduce direct hazards. Such processes include agglomeration 
of smaller particles into larger ones, the scavenging of parti- 
cles by precipitation, and ash-indiu^ downdrafts in Ae low- 
density, high-altitude air. 

The mean wind field is typically the driving factor for 
particle transport and dispersion for the relatively short times 
considered here (several hours). Wind information can come 
from many sources, in different resolutions, and different 
accuracies, but current data are not always guaranteed to be 
available for the volcano region. Wirids are available ftom 
forecasts wifl! various meteorological models, fix»m 
next-generation weather radar (NEXRAD) measurements, 
from TIROS operational vertical sounder (TOYS) mmure- 
ments, and fix)m rawinsonde measurements. When no data or 
information are available, persistence of the most recent 
winds can be used as a forecast, or analogous historical wind 
pa^ms andiored to iShe most recent date can be derived ftom 
a specialized clustering technique (Cockayne and Singer, 
1991). Ail available wind information should be used in an 
objec^ve analy^^s sd^me to |»o<luce reasonably good wiM 
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F%tireL A vofcano cloud is modeled by a stack of non-uaifoim 
wafers, each representing a chai3Cta3Stic,|>artide:S2» asd a feu^ 
tion of the tots! ash mass. Wic^ ami pavity taespcsrt ftese 
wafers in multiple directions. 
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Paitides can <ispeirse over a large repoxi, vay tamh 
dependffiQt on wind ^eed and vertical vrind ^ear. This pro- 
cess is shown schematically in figure I. The duration and 
mass eruption rate may aiso affect fee size of the lazardous 
airspace. Tlie cotairms of dast empting from tiie volcano 
travel with the wind. The dust particles will fall out, and the 
^eed of the fail depends on particle sizes. A schematic side 
view of tibe hxmdms region for a single burst and a contin- 
uous en^tion axe shown in figure 2. 

Tti& isstricted region is defined as the minimum volume 
inside of which all possible particles are located at the time 
specified. Computer hardware requirements for the proposed 
model are modest and depend on the complexity of the 
desired user interfece and fte nwnber of particte that r«ed 
to be tracked. The latter can be established through an appro- 
priate set of sensitivity studies. 



THE TRAJECTORY MODEL 

To compute particle locations, we use a trajectory 
model. The model used in this stody is properly termed an 
Isdjjaic model, based on a specification of winds on con- 
stant-pressure surfaces. Other trajectory models could have 
been used, such as isentropic or isosigma models. For isen- 
trqpic models, trajectories are defined along smfa^s of 
constant potential temperature in an attempt to conserve the 
energy of motion, isosigma models use a terrain-following 
coordinate system that is a function of pressure. Evidence 
that any of the trajectory models can perform better than 
tije otiier is a functioa of the meteorological situation. Kuo 
and others (1985) concluded that there was little difference 
between these models is toms of their horizontal transport 
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F^reZ. Sideview of the restricted airspace. This is an exagger- 
ated sAematic petsjKsctive &at iUustraies the nature of the restricted 
fi^sa. Time (rfenqjticas is jj^icated 1^ %" 



using the results of 14 experiments fR»n a mesoscale (i.e., 
space scal^ of 2-2,0(X) km and a time scale of hours) 
model. They concluded fliat tl^ limiting factor in these 
iav^igations was the resolj^oa md <|uality of the avail- 
able m^orological <Jaaa. Tie i^^l^uic mo^l was Iheseby 
chosen to be consistent with typical melhods for reporting 
wind information. 

The trajectories of the particles are determined using 
the La^c^^m ^ectiatu m^ioddbgy; A ijs^amgtm 
description of a fluid flow is one that describes the path of a 
fluid parcel or particles with respect to space and time (i.e., 
the X, y, and z spatial coordinates and time, f). This differs 
from a Eulerian description of the flow, which provides a 
description of the flow velocity at discrete points at an 
instant in time. An Eulerian description can be thou^ of as 
a sn^shot of a flow field, while a Lagrangiaa dtesaiption 
cm be bought of as a step-by-step sequence of Eokrian 
flows of a parcel or particle. The aajectoiy model has been 
li^d With both a modified Euler advection totegr^a 
schfflne (Heffter, 1983), a two-step advection meihodotogy 
that conrects for changing wind-field characteristics during 
the time step, and flie Raage-Katta-Merson variable time 
stqs, fourth-order m^od (Press and ofters, 1986). 



GRAVITATIONAL SETTLING 

The capability to accurately simulate the transport of 
airborne particles is made complex due to the fact that psxti- 
cks se^: to the gjjoimd at varioas rates as a fijsctksi of par- 
ticle size and shape and atmospheric conditions. Small 
particles tend to reside in the atmosphere for longer periods 
of time after injaition, which can allow upper-lwd wind 
patterns to transport them great distances. Large particles 
can settle to the siaface much quicker, and transport dis- 
tances tend not to be as large. Not only are transport dis- 
tances affected by particle-settling speeds, but so is the 
transport pattern. As particles of different sizes fall through 
the atmosphere at (Mmait r^s^ wiiids at a particular level 
will affect the transport of the particle as a function of the 
time spent in that layer. 

We have developed a computer program that computes, 

for specified particle sizes, the fall time through the atmo- 
sphere. This program computes the time it takes for smooth, 
^mcil paroles to fell to tihe ssrf«« fmn vmcm aW- 
tudes. Irregular particles are assumed to be represented by 
their equivalent aerodynamic size, meaning the spherical 
diamefiH' that has the sam^e terminal velocity. 

The atmosphere is modeled with temoerature, oressare, 
and density varying as a function of geometric altitude. Tem- 
perature is modeled as a combination of linear fts to date 
extracted from the U.S. standard atmosphere. Linear fits are 
used for the regions below 11 . 1 km and above 20 km, and the 
imtperature is assumed to be a cc»^tant vahie of 216.65 K 
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between these altitudes. For altitudes below 11.1 km, the 

temperatare Is modbled as: 

Above 20.0 km, Jhe tsm^mtate is ccmposd as: 
7^196.75+0.9952 

where 

z is the altitude above mean sea level, in kilometers, and 
Fis temperature in degrees Kelvin. 
Air density, p^,, is modeled as a function of dtitude by: 

Pa=Poexp(-z/AO 

where 

Poisthe air density, in kg/m', at mean sea level, and 

His the scale height of the atmosphere. 
The value used for po is 1.225 kg/m^; the value used for H 
is 8.23 km. 

The dynamic viscosity of the atmosphere is modeled as 
a function of the temperature profile and is calculated as: 

ji=pr-'%(r-r5) 

where 

jj. is file (fynamic viscosity in kg/sec-.m, 
3 is a constaot (1.458x10-^ kg/sec m and 
S is Sutheriand's constant (110.4 K). 
The fall time, 6^ for particle type k, is computed by 

summing the fall time through user-specified atmospheric 

layers (Azi) as: 

where 

is the terminal velociQr of paiticle k in altitode 
slice i. 

The teTBsiEai velocity is cosnqjuted fr<»rt ise following equa- 
ti<»i: 

where 

tiie particle Reynolds miiaber (Rep) is calculated using 
the method outlined in Norment (1979). 
Davies (1945) defined a dimensionless number, N^, as: 

where 

Pp is the density of the falling paaticle, in kg/m^, md 
d is the particle diameter, in meters. 
If 140 <.\^^ 4.5x10", then: 

iogio{i?«;,)= -1 .29536+0.9S&r+(-0,4667)Ar2 

+1.1235x10-3^^ 

where 

For 84.175 <^Nq<> 140, then: 

%=4J^67xi0-2+(-2.3363xi0-*>Vp 
+2.0154X 10^(iVi>)2-6.9105x 10-9(Ari>)3 



For 0.3261 £N£)< 84.175, the correlation is due to Beard 

(1979): 

i?ep=exp(-3. 1 8657+0.99269 r-O.1 53193X 10-2j^ 
-O.987O59xir3l*^.0578878x KT^y^ 
+0J55I76X 10-^]^-0.3278 15x ir^JT^] 

where 
Y=ln(No}. 

Stokes' law is used for particles for which < 0.326 1 : 
Rep= No/24 

When the size of iie jarticles approach tie mean fiee pafli 

of the molecules through which they are falling, particle 
mobility increases, and the terminal velocities must be mod- 
ified by a slip correction factor known as the Cuanin^am 
factor (Q). The correlation by Flanigaa and Taylor (1966) 
was used: 

Q= 1 +A(2l/d)+Qi2l/d} expi-Bd/2!) 

where 

dis m meters. 

Using a mean free path, /, of 9.322x 10~^ meters, the value 
of the constants in the equation above are ^=1.234, 

g=0.413, and .S=0.904. Using these values, maWpfyingby 
pO/Po, and substituting for po gives: 

Cc=l+2.8xi0-'pa/£f 

i and Pa are in mewrs and kg/m^ respectively. 
The terminal velocity, V, is multiplied by this factor. 

We typically compute terminal velocities for particles 
r^i&ig at the midpoirt of 500-m-ftick layers of Ae atmo- 
^here. The incremental fell times through each layer are 
determined using these terminal velocities for all particles in 
tiie layer. Totel MI time is then calculated by dimming the 
incremental fall times for each 500-m layer. Total fall times 
as a fiiaction of altitude for particles of six diameters, rang- 
ing from 30 to 300 yon, is shown in figure 3. 

Analysis of materia! collected by sampling aircraft and 
on the ground indicates that shapes of dust particles from 
volcffiiic erapticms can be MgMy irregular (Ldfer and othws, 
1981; Newell and Deepak. 1982). The terminal velocities of 
these irregularly shaped particles are defined in terms of an 
eqpavate s|Aerical a&m as <iscis^ eariier . 



DISPERSION 

The volcanic cloud is modeled by a stack of circular 

wafos of non-uniform size, each representing a portion of 
the total cloud mass and also a portion of the particle-size 
i^ctrum existing in fee cloud at Ae altitude of the wafer 
(fig. 1). The displacement of each wafer by local winds and 
its fall due to gravity represents the trajectory of the 
repiBsentstive particle In fliat wafar. TjiiteleiKe in fte atmo- 
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F%Hre 3. Dura&rn of feS far paartides of diffensot sire as a feK- 
tion of the aftsiade m. which ^sre release. 

sphem caBQses the wafer to grow in size both horizontally and 
vertically. The horizontal dispersion is modeled by one of 
two models: Heffter (1983) or Gifford and oftere (1988). 
The Heffter model has been used for the present application; 
however, the choice of model for this application is not very 
critical. Because the horizontal extent of the wafer is of most 
importance, vertical dispersion can be neglected. Conserva- 
tive assumptions about dispersion due to atmospheric turbu- 
leiKe for the puipose of defintng a restricted regicm are easily 
made. The location of the doud elCTsmts is maialy affected 
by transport by wind. 



INITIAL AND BOUNDARY 
CONDITIONS 

The calculation methodology does fK>t need the exact 
evolution of the eruption column from the onset of eruption. 
We m> iirt^abed in what hzppms when Ae wind takes over 
dispersion of 8^ asli cloud. The initial estimate of ash in the 
3k after cipud stabffizjtion can be oljtained from Wilson 
(this vohasMs) for wet cloucb or fyom Sjaiks and ofeers (this 
volume) for dry dbods. To dettnnine all potential particle 
locations, we position many particle sizes at regularly spaced 
altitudes to the highest altitude of tihe volcano cloud. The 
initial height and shape of the cloud are estimated based on 
ground, satellite, or pilot observations. The diameter of the 
cloud cosid be taken as its maximum dimension because that 
would be more conservative than defming the actual shape 
of the doud. For purposes of defming a conservative 
restricted region, an initial circular cylinder shape is ade- 
quate. ITje particles are specified as a uniform distribution 
that is the same throughout the cloud, and the particles are 
tracked through the wind field as they fall due to gravity. 



MINIMUM RESTRICTED AREA 

Having defined the particle traj^poit settling meth- 
odology ai^:& iMttal coQ(&tiot}% cme<mc<«pite the loca- 
tions of ail the partides and the wafers feat ifeey represent at 
a given time. A vertical rectangular prism, extending ftcan 
the ^und to &e top of the cloud, is tfaeadefeied, ©adosng 
^ lo<^ms of all wafers regardless of tt«ir altitude. Use 
restricted airspace, or air volume, is then defined as the rect- 
angular prkai with tlie minimum cross-sectional ar» tlmt 
eBcl<»es ail wafm. This cross-secti<xBal ar^ is d^rmined 
by m itet^ve pnx^ss. 

AN EXAMPLE 

An example of how the procedures described in the pre- 
vious sections could be implemented in an operational sys- 
tem is shown for a hypothetical eruption of iliamna Volcano, 
Code Inlet, Ala^. The winds is &at region are Aovra in 
figure 4 in the form of zero-mass particle trajectories origi- 
nating from different altitudes. The winds used in this case 
were from an archive of 2.5*x2.5* gridded wind fields 
obtained from the National Center for Atmospheric 
Research. In an operational scenario, actual winds should be 
used. In the example, the strong vertical shear is clearly evi- 
dent by the fanning of the trajectories. Each trajectory is due 
to winds of a different altitude. The locations of all the 




Figure 4. of Cook Met area, Alaska, showing &e trajecto- 
ries of particles wiii zero mass caiginating at difTerent aititiKtes be- 
ing transported over an undefined period. Faa-Uke patterns are tihe 
result of vertical wind shear. 
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wafers, ref reseiJ^ by pissticles wth ms^, are calculated at 
different times, std a miixiniam vduni^ is fitted arornid iheir 
locations. The results of the etKslosed area computation as a 
stoctioR of ai^e ai« shown in Bgw^S,:.Sie inset in tMs Jig- 
sire defines fte Imeline angle. For fee example, the ami- 
mum cross-sectional areas, and, hence, air volumes, are 
shown in figure 6 for two different forecast times. 

As conceptualized, the software that would perform this 
cai<»i^^on cm b& simie^ 3t my irae. Wte an mt|>ti<»i is 
about to take place, a user would provide some initial 
estimate of the eruption. The user selects the volcano of 
iitferest (%. 7) and inkiates die cdbdbtton proo^. 

Next, screen 2, (fig. 8), is displayed instantaneously. A 
first estimate of the basic cloud parameters can be made here 
by ©Bteiing appropriate values in the data Hocks shown. The 
met is psmpted throughout this process fay the software, 
msd fiaictions would be available to provide guidance. 
Pressing fee **Go" button begins execution and results in a 
display of the restricted region shown in figure 9. If this 
region is found acc^^abie, the "Description" button is 
selected (fig. Acceptability is siAgairtive and is a func- 
tion of the data that is available. The result is subsequently 
translated into a NOTAM-formatted description that can be 
ttammited by ciidking fee "Tianaratif ' bi«ton. The vfboh 
prtH^ss can be c<Hnpl^ed in a &w miautes. 
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I^Bre S. The cross-secticnsai area of the resttkted region as a 
fisKtion of fte Imeline aagk, ce, two eii^x^ ^mes. TMs shows 
that a minimum region can be up lo 50 present analler flian swne 
arbitrary region. Inset shows defisitkm of laselii» aj^le. 
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Figure 6. -Map of Cook Inlet area, Alaska, showing the keep-out 
region at two times for a hypothetical eruption of Iliamna Volcano, 



CONCLUSIONS AND 

RECOMMENDATIONS 

We have described an approach that could provide 
timely information to the air traffic industry to assist them in 
avoiding potentially hazardous areas contaminated with vol- 
caaiic dsk. Using existing me^KX^ we have demonstrated 
confutations forparticle transport and settling and for defin- 
ing fee reacted aic^^K^. While fee whole process has be«j 
assembled by hand— feie mefcodology can easily be imple- 
meated on low-end comptster wodcstations, high-end per- 
sonal computers, and using available graphica!-u^- 
interface building tools. 

To transform fee suggested approach into as opera- 
tional tool will require additional development work. Specif- 
ically, workable interfaces adapted to potential users must be 
developed; interfaces wife wind-data sources and fee opti- 
mal inteipolation of such data into a consisitent wind field 
must be developed; the initial conditions must be relevant to 
fee different types of volcanoes feat are of interest; fee hard- 
ware aad «>ftware to generate asKi upda^ fee NOTAM wmst 
be designed and written. None of these are insurmountable 
{»X}l^teis. They require straightforward engineering woric. 
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F%tire7. Stai*ipscreaBf<» fee Code area, Alaska, «xanple 
<jk»cribed in Ijte VssX. 
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Figure 9. The resfiicted region for fee Cook inlet ar^ Alaska, as 
calculated by fee s<^tware saneea for example. 
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Two Hour Restricted Begion 



Corners: 



Verbal description of region. 
Format to fofiow NOTAM 



Figures. The screen that lets the user define cloud parameters F^relO. Hie NOTAM screen for fee example, 
that are needed for transport calculations. 
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DETECTION AND DISCRIMINATION OF 
VOLCANIC ASH CLOUDS BY 

INFRARED RADIOMETRY— I: THEORY 

By Alfred J. Prate and Ian J. Barton 



ABSTRACT 

Volcanic asfj cloads witfa a Ki^ coacentrafioa of sffi- 
cate particles exhibit optical properties in the infrared (8-13 
pra) that can be used to discriminate them from norma! 
vs^n'ice cioa&. feprijndEpie,asiimplera^oinetee<pq>ped 
with at least two channels with appropriate passbands may 
be used to identify volcanic clouds. In this paper, we 
develop fee theoretical basis for such a radiometer. We solve 
the radiative-transfer problem in a cloudy atmosphere by 
using a discrctc-ordinates model and present results for a 
variety of viewing conditions. These include vertical view- 
ing downward (from a satellite), horizontal viewing (from an 
aircraft), and vertical viewing upward (from the ground). 
We also present some LOWTRAN-7 calculations for repre- 
sentative atmospheres, which include height variation of 
SMtpesature, cl<m&t^ wsiervapor, and c^iwtta<»'^cs. 



INTRODUCTION 

The thermal infrared window between 8 um and 13 urn 
has frequently been exploited for remote sensing of clouds 
and the Earth's surface. It has been suggested by Praia 
(1989b) that this region may also be used for detection and 
disoiminatioB of volcanic ash clotids. 13»o»ti<ai: caicitia- 
tioas indicate that clouds containing silicate materials 
behave qaite^diffetentiy than ice and wstfer doads at wave- 
Ira^fe betwe«3i 10 p.m and !2 pm. There fetve been a num- 
bfflf of ash-cloud studies using advanced very high resolution 
ra^ometer (AVHRR) satelKtE daa that demonstrate this 
aijomaloas behavior (Praia and oAere, 1985; 198^; Hoiasei; 
and Rose, 1991). This behavior is due primarily to the much 
stronger dispersive nature of silicate-bearing materials com- 
pai«d1» watered ice in the isfefwxi willow. Prata(l98%) 
used a radiative-transfer model to explain the difference in 
temperature obtained at wavelengths of 10.8 Jim and 1 1.9 
{im (aiqwopEiate to AVHRR dmnels 4 ajwi 5) ■sstei viewing 
vob:a!B£ ctoids %sm. ^^^. Bere^ we wiiu also ji^ tbe 



model to examine the effects when viewing horizontally 
(i.e., from an aircraft) or when viewing verticdly from tiie 
grCTxnd. We are motivjrted in ftas woik by the expectation 
that a multichannel radiometer when used from an aircraft or 
from the ground will also be able to discriminate ash clouds 
from normal water/ice clouds. Because viewing a cloud 
from the ground or from an aircraft involves paths that 
traverse a large part of the lower atmosphere, we also need 
to take aoKHHit of absorption and <Knissios by gases, such as 
water vapor. 

In this paper we will present theoretical results, and, in 
psatt II (Barton and Prata, this volume), we will present some 
preliminary data from ground-based measaEemejas of as 
acmai volcanic cloud. 



RADIATIVE TRANSFER WITH 
SCATTERING 

The radiative-transfer equation for a plane-parallel scat- 
tering atmo^hae may be writi^ (Chandrasekhar, 1960): 



{i|^(i:,ti) = /(t,H)-(l-C3j5(J) 

G5 

-tJ Piw,^)iM)d^' (I) 
l "-I 

where 
/isfeeradismce, 
X is the qpti<al depth, 
u. is the cosine of the zenith angle, 
r is temperature, 
5 is the Planck fiiiK^on, 
V&o is tite single severing albedo, and 
P is the axially ^mmetnc i^base ftuK^cm. 
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An illustration of the problem is shown in figure i . The 
boundary conditions are that the radiances incident at Ac 
cloud top and base are isotropic, with Piar.ck brightness tem- 
peratures of Tj and Tg respectively. That is: 

The discrete-(»dinates solution is givm hy: 

rw = £i,.»}(K,)«"''''+5(r) (2) 

J 

wh&K 

-n<i, j<n, (In is &e number of discrete radiation 

streams). 

The eigenvalaes, k,-, and eigenvectors, Wj, are determined 

by using an algebraic eigenvalue equation solvfflr as saig- 
gested by Stamnes and Swanson (1981). 



TWO-STREAM SOLUTION 

To gain insight into what processes are important in the 
transport of thermal radiation through the cloud, a two- 
stream {2n = 2) solution is employed. This solution is ana- 
lytic and can be easily derived (Liou, 1974). In this case, the 
general solution (given by equation 2) is: 



i: = 0 




/(X, ji) = I_j r_i + U\ W+ie-^^ + BiTc) (3) 

where 

Tc is the cloud temperature. 
Applying the boundary conditions we have: 

L_W.^UW_ = B(Ts}~B(T,) (4) 

L.W^'-'^.-^UW^-^c = B(Tg)-B(Tc) (5) 

Where we have made use of tfie fact (Liou, 1974): 

r_(-ii) - »v(-Hi) 

We have dropped explicit reference to }i and n for notati<»«tl 
convenience. Adding and subtracting these equations and 
solving for the L's: 



L4.= - 
2 



The solution for the upward componoit at the cloiid tc^ is 
then: 



/(0,-i-^) = WJ.je-^c + WJU + BiTc) 
and tlie downward component at the cloud base is: 

/(%-fx) = w^i^+wjue^c + 5(r^) 

TTie eigenvalues (±k) and eigenvectors (W_, W+) are: 



(6) 



(7) 



.11 ^ ,^ 



1/2 



1 



I ±|XK 



(8) 

(9) 



The cosine of the scattering angle has ttie value: 

We now consider two limiting cases that ate of interest 
to the detection problem. 
A. Optically thin limit (t^ -> 0). 

la tim case, it may be-^ovmiiat: 



Figure 1. Schonatic of ^ pkneipanmel scattering cloud model 



/(o,+ii)-^5(r.) 
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B. 



and that: 

Opttcaly thick limit (Xc -» «>). 
From eqaados 5, we liirf &at: 



7(0, + iiy^BiTjll- 



+ 5(7"^)-^ 



+1 



(10) 



asd, from equatioB 6: 



[W ~\ W 
i„_!LJ+s(rp^ (11) 



Note that the factor 



I-- 



w_ 

may be interpreted as an effective emissivity of tibe cloud. It 
is seen that the radiance consists of two components: an 
emitted portion and a reflected portion. In the case of view- 
ing ftom the ground, the reflected pottion may ht signifi- 
cant tsecause B{T^ » B{Tc). 



OPTICAL PROPERTIES 

Mie calculations are performed to determine the scat- 
tering properties and phase fimction of a polydisperse 
ensemble of pattkles. lbes» csdcuktioiis require lefiactive 

indices, the particle-size distribution, and the particle sh^>e. 
The results are given in terms of efficiency factors: 



2dn (r) 



(12) 



dr 



where 

Qf is the Mie efficiency factor for extinction, scattering, 

or ^>sorpt!on, and 
Mr) is the size distribution of particles, with radius r, in 
units of number of particles per unit volume. 
The ^tmctioQ, absoii^cm, mi scatteimg efSctecks are 
related by: 



Qext Qabs ' Qsc 

The single scattering albedo is: 



(13) 



(14) 



The asymmetry parameter, g, is: 



(15) 



SIZE DISTRIBUTIONS 

Ths modified-7 size distribution has been used to 
inciiMe the d^ect of mean particle size on the scattering 
properties of the cloud. Use distribatioa is given by: 



dnir} NV 



dr 



6! 



r^exp i-br) 



(16) 



where 

r<, is fte mean particle radius, 
is the total number of particles per unit volume, and 

OPTICAL THICKNESS 

The optical thickness of the cloud depends on the size 
distribution, extmction efficiency, and the geometrical tMck- 
ness of the cloud. These are related by: 



,dh <r) 



dr 



(17) 



where 

L is the geOTxetrical thickness. 
For a l-km-Mck cloud of pauticles with a cotK^tration of 



102 



cm 



a mefflj paMcie rsAs of 3 ym, and Qexi = 2 (at 



ext 



10 pm), Xc = S. 

MIE CALCULATIONS 

The scattering parameters required for the radiative- 
transfer calculations are obtained using Iviie theory. A com- 
puter program developed by Evans (1988) was used. Refrac- 
tive indices of quartz, volcanic dust, water, and ice are input 
to the program together with the appropriate size distribution 
and particle shape. The refractive indices of quartz are 
obtained from Petersen asad Weinman (1969) and ^ose of 
volcanic dust are from Vdfe(1973). The modified-y size dis- 
tribution was used fw these calcuJations with a mean particle 
radius of 3 |im — the particles were assumed to be spherical. 
Results of the calculations are given in table I and figures 2 
and 3. These results show that volcanic substances (quartz 
and du^) have a larger extinctioR than water and ice and tiiat 
the extinction decreases with wavelength between 10.8 |im 
and 12.0 pm. For water and ice, the extinction increases with 
wavel^i^iiniusregbii. 
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Table I. Refractive indices, extinction efficiency factor, asym- 
mefey parameter, and single scattering albedo for quartz, volcanic 
dust, ice, and wat^. 

{{M psrt of refractive index is in coiuma under r.,.; imginary part of refractive index 
S is txkumt imder k. Qos, extinction efficiency factoq g, asytismeay parameter; Sq, 
ai^«»n«D$ Aedo. 11i«mo^fieii^;azedis£c3!vtea was used, liv^ 



(m) 


My 


k 




g 






8.6 


0.658 


1.448 


3.171 


0.622 


0.603 


10.1 


2.607 


0.048 


2.198 


0.427 


0.976 


10.9 


2.140 


0.027 


3.377 


0.405 


0.860 


11.8 


1.627 


0.050 


2.832 


0.632 


0.825 


12.0 


1.515 


0.063 


2.247 


0.650 


0.766 


12.5 


1.526 


2JZ40 


3J224 


0.491 


0.595 


Volcanic dast^ 


8.6 


1.221 


0.650 


2.330 


0.758 


0.411 


10.1 


2.078 


0.101 


3.248 


0.561 


0.659 


10.9 


1.780 


0.100 


3.259 


0.639 


0.713 


11.8 


1. 776 


0.218 


2.960 


0.661 


0.577 


12,0 


1.756 


0.250 


2.890 


0.660 


0.566 


12.5 


1.713 


0.270 


2.718 


0.653 


0.530 


' la? ' 


8.6 


1.288 


0.039 


1.658 


0.776 


0.758 


10. 1 


1.185 


0.058 


0.837 


0.731 


0.495 


10.9 


1.087 


0.204 


1.126 


0.704 


0.233 


ii.8 


1.224 


0.395 


1.799 


0.675 


0.322 


12.0 


1.2^ 


0.413 


im 


0.670 


0.339 


12.5 


1.386 


0.422 


2.070 


0.656 


0.370 


Water* 


8.6 


1.275 


0.037 


L5S7 


0.777 


0.758 


10.1 


1.215 


0.052 


0.925 


0.723 


0.596 


10.9 


1.172 


0.078 


0.805 


0.702 


0.386 


IL8 


1.122 


0.159 


0.955 


0.669 


0.232 


12.0 


1.111 


0.199 


1.072 


0.662 


0.228 


12.5 


1.123 


0.259 


1.254 


0.64^ 


0.244 



' Refractive index data from Petersen & Weiafflaii (1969). 
- Refractive index data from Vok (1973). 

* Refe^ve ijKkx cbta fesna IMe & QtiCTy (1973). 



Mt/lfJC/JL JHUcLIsIJjL 1 » 

The discrete-ordirtates model (with 2n = 32) has been 
used to csJcrfate the ^nwmi md downward eadia&»[ 
streams for the three cases of interest (satellite, ground-based 
sossiisg, and aircraft). The data given in table I were used in 

SATELLITE SENSING 

The cloud was assumed to have a temperature of -40°C, 
and the ground was assumed to have a temperature of 1 S^C. 
Th& Of^cal tihidksess of the closd vm set to = 5 at lO.i 




l^are 2. A, Real part of fte reftacdve index of qwxtz, votemk 

dust, ice, and water as a function of wavelength between 8.5 pm and 
1 3.5 pjn. B, Imaginary part of the refractive index. 



iim. Figu3?es 4A and 4B show the brightness temperatures as 
a function of zenith angle for quartz, volcanic dust, ice, and 
water. Note that, for all zenith angles, the temperatures at 
10.9 iim are less than liiose at 1 1.8 for flie volcanic sub- 
stances, whereas the reverse is true for ice and water (except 
at large zenith angles when the limb-darkening effect 
appears to be more pronounced at 10.9 nm than at 1! .8 \im). 
Note that at 60° the satellite scan angle is about 50° so this 
effect may be seen from the AVHRR, which scans to =55.4°. 
For opttcrffy fliidc doads, "we teve seen' fiwm tiie two-stream 
approximation that the satellite radiometer receives radiation 
at the cloud temperature multiplied by the effective emissiv- 
ity (which is a Imtction of tJie optica! properties amd, heiice, 
wavelength) because, in this case, we may assume that d» 
radiance of space is effectively negligible. It is not sufficient 
to simply insert the optica! parameters from table 1 md take 
the limit because, in reality, the cloud becomes opti- 

cally thick due to laige particles. This implies that, Qgxt, So, 
and g be ccsnpsM for a mw sfe cSsttilHitioa. Cleariy, 
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F%are 3. A, Extinction coefficient as a fiinction of wavelength for 
<part2, volcanic dast, ic«, and water. 8, Asymmetry parasjcte- as a 
faactioii of wavelengflt C, Single scattering albedo as a fiaKti<m of 
wavekt^fa. 

we caisnot expect to model Ms sitaatton accurately because 
the cloud structure wouid be extremely inborn ogeneous and 
cofsiplex. To give an indication of what to expect, table 2 
shows the results for the polydisperse cloud wMi r^, = 3 |im 
and To = 30 |i.m. Only the 10.9-|xm and 11.8-|xm brightness 
temperatures are shown along with the effective emissivities. 

these results indicate lhat, for optically thick clwds, 
A VHRR channe!-4 temperatures should be less than or equal 
to channeI-5 temperatures. However, when ice and water are 
mixed in wife volcaaic ^fecis, the temperatia-e diffe«j<» 
(channel 4 - channel 5) may lead to positive, negative, or 
zero differences. The optically thick case may be the most 
difficult to inteipret 

GROUND-BASED SENSING 

In this case, the radiometer is assumed to be viewing the 
plume at an elevation angle of 26". The plume temperature 
is at SX, and the gixmtid temperature is set at ISX. 



Table 2. Brightness temperatures and effective emissivities for 
two size ^i^bations. 

[aood-tof> tempetature, T^, is -AO.O'C; " 16© M 10.! foa. V^aef ws eacuptltei &r 
jSw «iWBn doses to vertical (oos"'ii = 4"')1 





Temperatore fC) 


Effective ffi3ssdv% 




10.9 


-45.6 


0.935 


11.8 


■43.5 


0.957 


rg = 30 pmi raodMe^-? 


10.9 


-40.0 


\.m 


11.8 


-40.0 
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Figure 4. A, Satellite simulated brightness temperature as a func- 
tion of zenith angle for quartz and volcanic dust clouds at 10.9 ixm 
andlLSpm. B, Asfor/j.lMitf<«niratef asdicedoiids. 
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Ttese tei]!3|)erata?« are repieseiMive of flie vaJaes ia«a- 
aired at Sakarajima Volcano (see Barton and Piata, ftis vol- 
ume). Results arc given in figure 5 for quartz and water. 
Temperature differences between 10.9 pm and 1 1.8 are 
pt^Mve for the <pxajtz cloud asd amative for Ae wate 
ciond. 

These calculations do not include the influences of 
water vapor absorption and emission. These affects must be 
»xountcd for when viewing at low ^ete^KStksi «^es in the 
ai^wpiiiere. To take them into account, we have used the 
radiance/transmittance code developed by the U.S. Air Force 
known as LOWTRAN-7. Wc calculate &e slmt ps& radi- 
ance md transmittance for a radiometer viewing at an eleva- 
tion angle of 26*. The total path length is governed by the 
location of the target. To simulate our measurements at 
Sakurajima, we assume that the taiget is at a height of 
b^een 1 and 2 km above the radiometer. By varying the 
model atmosphere and target height, a r«ge of slant paAs 
water vapor amounts are obtained. 

LOWTRAN-7 provides radiances and transmittances at 
a maximum resolution of 5 cm~^; Ae^ ate ccHiv<rfv«d witJj 
the filter functions of the airborne volcanic-ash-detection 
system (AVADS) instrument (Barton and Prata, this vol- 
mne) to give the simulated radiances. Finally, &e dai« patii 
radiance, Hp, and the slant path transmittance, tp, are com- 
bined with fee cloud radiance, Rc, that is computed by the 
scattering model to give the ia<iaace at Ihe radicsn^r, 
This is given by: 



(18) 
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The calculatic^s described above have been done for a 
cpzxtz, cl<sid and a water cloud. Because it appears that only 
the 10.9-jim and 1 1.8-p.m channels are a good pair for dis- 
ciimiiKrting cloud types, ihe resolts are shown for these chan- 
!»Is only. Figure 6 shows fihe varaatioa in the brightness 
temperature difference, AT, between ijje 10.9-|xm and 1 1 .8- 
fim channels as a fiiiKtion of piscipitaWe water. For the 
quartz cloud, the pc«itive differences decrease with increas- 
ing pmipitaMe water, and, for water clouds, the difference 
tocan^nK»c«E«gative. Thus, water-vapor affects will tend 
to reduce Ae discrimimtiksi. 



AIRCRAFT SENSING 

This situation is modeled by assuming that the plane 
parallel sides of the cloud are oriented in the vertical. The 
radiation mtmag tiie cioad is the same on bofli sides (i.e., 
B{Ts) = SiTg)). For simplicity, we assume that the radiation 
is isotropic and composed of equal portions from the back- 
Seomd sky md iraKi Ae wwrn sarfece. A value of = 
-SO^C is assumed, and the cloud temperature, T^, equals 
-50°C. This temperature is equivalent to an aircraft cruising 
hei^t of about 30,000 ft. Residts are faesented in tabh 3. 
We nc^ice that, for optical thidkn^es gresrtier tiian tc = S, 
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figure 5. Simulated brightness temperatures as a fiinction of 
wavelengdi for quartz md water. 



0 1 2 3 4 5 

PRECIPfTABLE WATER. IN CENTIMETERS 

Figure 6. Simulated temperature differences (temperature at 1 0.9 
|im minus that at 1 1.8 jim) as a fiinction of water-vapor loading for 
a ground-based instrument viewing a cloud of adi (quartz) and a 
ckmd of wa^. 
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pairs of chansels cm he selected that give very good dis- 
cdmiaaticmli^twms quartz aiid ice clouds. For example, Uje 
pairs 10.9 jim/l 1.8 jxm and 10.1 p.in/12.0 jim give positive 
temperature differences for the quartz cload aad negative 
differraaces for ice doud. It i^^asrs Ito the 10.1 imf 
12.0 |im pair is a better discriminator. Calculations of the 
atmospheric path radiance have also been done using 
L0W11tAN-7 aad assimieg a view wife an devaticm of 4", 
bat th^ do not change the r^ults liottceaWy. 



CONCLUSION 

Radiative-traasfer escalations for an idealized scarr- 
ing cloud indicate Aat quartz md volcastic ash behave differ- 
ently than water and ice betweea wavelengths of 10 p.m aad 
12 p.m. We have found feat, for a ground-b^ed radiotas^ 
viewing a volcanic cloud, the brightness temperature at 10.9 
|im is greater than that at 11.8 ym. For water and ice clouds, 
fee reverse is true. Abscsf^on and essi^on by atmospheric 
gases, principally water vapor, causes the difference 
between the brightness temperature at 10.9 ,um and 1 1.8 p.m 



Table 3. Cloud tesnp^atees derived from the scattering model 
for qsamz ai»d ice particles at diff«ent oj«k»I feicksess^ 

(t^ optkd Avikmiss; tempennaes stown are in °Q 





\ = 5 








(pis) 










QKartz 


8.6 


-32.00 


-48.76 


-49.06 


-50.00 


10.1 


-37.05 


-36.23 


-7.12 


-38.21 


10.9 


-37.40 


-44.37 


-44.78 


-44.81 


11,8 


-37.01 


-46.77 


^7.07 


-47.25 


12.0 


-37.91 


-47.64 


-47.96 


-48.21 


12.5 


-39.19 


-48.44 


-48.83 


-50.00 


Ice 


8.6 


-39.33 


^8.99 


-49.20 


-50.00 


10.1 


-39.33 


-49.46 


-49.58 


-49.73 


10.9 


-39.56 


-49.20 


-49.47 


-50.00 


11.8 


-36.53 


-43.30 


-45.58 


-43.58 


12.0 


-36.46 


-43.04 


-43,29 


-43.29 


12.5 


-36.19 


-42.33 


-42.56 


-50,00 



to decrease. Similffl results are found for near-horizontai 
viewing of a cloud at S km. We also note feat pairs of chan- 
nels at 10.9 p.m/1 1.8 um and 10.1 p.m/!2.D urn should give 
good ash-cloud discrimination from fee ground and from air- 
craft. Fartfeer modeling stadia are in progx^ to sssess fee 
affects of particle slsape and doud composition on radiative 
transfer. 
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DETECTION AMD DISCRIMINATION OF 

VOLCANIC ASH CLOUDS BY 
INFRARED RADIOMETRY— 11: EXPERIMENTAL 

By Ian J. Baitcai and Alfi«d J. Praia 



ABSTRACT 

An mtbome rotdtichaisne] radicHneter has been built to 
test the feasibility of osing infrared radiation to detect and 
discrixniiiate volcanic ash clouds. The radiometer has five 
selectaHe filters an3 'two 1smpffira®«-cdii!X)lIed precision 
black bodies fbf iiitema! calibration. The instrument has 
been flight te^ed up to an altitude of 8,WM> m aad has per- 
formed well. During Ife flight teste, meaairanetjis wCTe 
made in both clear and cloudy skies at varying heights and 
viewing angles. Results from these tests will be presented 
and compared to ttieoreticai calcuitfions. TM ra^ometer has 
also been used to view the volcanic plume emanating from 
Mt. Sakurajima, on the Japanese island of Kyushu. For these 
tests, fee radiOTieter was ground based and pdnted ttpward, 
either toward the ash plume, water clouds, or the clear sky. 
The radiometer measurements support the concept of using 
an airborse TaMometia to Meet volomlc adk dmds ahead of 
an aircraft. The advant^^ of Hm detectks) tectai^tie over 
others are discussed. 



LNTROMICTION 

In the first paper of this pair (Prata and Barton, this vol- 
ume), theoretical calculations indicated that it should be pos- 
siWe to ^scciminjrte b^iSm wSfeMce cl<Ki<is ajit vcis^c 
ash clouds using infrared radiometry. This possibility is also 
evident when satellite instruments are used to investigate the 
infrared properties of volcanic ash clouds. It has been shown 
by Prata (1989) that the two thermal infrared channels of the 
advanced very high resolution radiometer (AVHRR) flying 
on the NOAA-7 operational meteorological satellite can be 
used to discriminate between aonnal clouds and volcanic ash 
clouds. 

The major danger of volcanic ash clouds to commercial 
aircraft is the stalling of engines due to the ingestion of sili- 
cate rock particles. Because these particles have different 
optica pFq>eities to water dropl^ at II and 12 pn, a 



radiometer operating at these wavelengths should be able to 
discriminate between volcanic ash and water clouds. 

To test this hypothesis, an infrared radiometer has been 
imiit and used to view hQ& w^eslce clouds and volcanic ash 
clouds in the thermal infrared band. The results of some air- 
borne tests in Australia and some ground-based observatiOTS 
of volcanic doudb in Jsqpaa will be psesentoi bests. 



THE RADIOMETER 

A diagram of the radiometer is shown in figure I. The 
instrument has a single beam wiftt a hszm widfti of 3* and 
can sample incident thermal ra<&tiffiii in one of five wave- 
lengths selected by choosii^ an ^propri^ interference fil- 
ter (see fig. 2 and table 1). The filters included in tine 
radiometer were varied depending on the location of the tests 
ai^ the physical properties under investigation. The ra<icsn- 
eter inchides two internal Wack-body targets for accurate 
calilsation. A mechanical chopper alternates the signal 
received by the detector between a knovm temperatwe amd 
the incoming radiation; Aen a phase-lodked ioqp ensum 
that backgroimd radiation: is not detected. The incident radi- 
ation is focused onto tiie pyiodectric <ktec<or by a ri^t- 
angle parabolic reflector. Hie radiometer has a typical noise 
■^^r^TO near O.TC, depending on the integration time 
i»ed (aormaily 2 s) and the imd width of fee filter. For the 
airborne tests, ttie incoming radiation was first passed 
through a germanium window that has a transmission neariy 
equal to unity at the wavelengths of interest (see fig. 2). 

The filter at 6.4 jjjtn was included to investigate the pos- 
sibility of (fetecting clear-air telmlteice by observing water- 
vapor intrusions into the upper atmosphere (Kuhn and 
others, 1977). Unfortunately, the detector response at this 
lower wavelength was not sufEcient to give a useful signal. 
The 8.6-am falter was included for the detection of SO2, 
which has a broad absorption band in this region of the 
spectxmi. 
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[CAT, d«Br-air tudsuteieel 



Central 


Band 




waveicngjh 


width 




(patt) 


dan) 




6.4 


0.3 


Wa*er-vsBpor «nissic» for CAT. 


8.6 


0,5 


SO? emission. 


10.1 


0.5 


Water cloud-ash cloud discrimination. 


10.8 


0.6 


Water cloud-ash cloud discrimination. 


12.0 


0.6 


Water cloud-ash doiid discrimination. 


10.91 


1.0 


Water cIc^Kl-ash skmd di:»ziminati<». 


11.8 


1.4 


Watffl- cloBd-a A clcod discriaisatiffla. 



Data from the radiometer were recorded on an IBM- 
om^^ble pen»>nal computer usisg a commercial anaiog- 
to-digita! board. 



THE AIRBORNE EXPERIMENT AND 
RESULTS 

Aircraft tests of fte rafiometer were carried out near 
Hobart, cm the island of Tasmania. The radiometer was 
mounted in a pod that was fitted under the wing of a Navajo 
aircraft so that it looked directly ahead of the aircraft. A sec- 
OEtd pod, which included a forward-looking video camera, 
was fitted under the odier wing. The video tape recording for 



sadh flight was later used to determine Ae target in liie field 

of view of the radiometer. The radiometer electronics and 
data-iogging system were included in the aircraft cabin. 
FligJ)4 data ware also tmx6ed oa a second ccm^itet. 
Iititidly, the radiometer inckded the five narrow-band filters 
<%nt^F^ at wavelengths of 6.4, 8.6, 10. 1, 10.8 and 12.0 pm. 
IMrkg tJbe airoraft campd^ f<»r &e reason explmned 
above, the 6.4 fim filter was replaced with a wider filter at 
10.9 iim and, because no large concentrations of SOj were 
expects in ti» Ta^nanian atmosphm, tiie filter at 8.6 fim 
was also rqplaced by a second broad filter at 1 1 .8 urn. 

Tl^ aircraft was flows at various altitudes up to 8,000 
m, and measiiremrats of the infrared radiation mitted by 
different water-and-icc clouds and the clear sky were taken. 
For each channel (filter), the signals measured by the radi- 
ometer were conv«t«i to tsmperatures using the inverse 
Planck function at a wavelength determined from a combi- 
nation of the filter's spectral response, the germanium-win- 
dow ttansmissj<«i, and tiie detector t^ioMti: F^giM 3 ^iMs 
these "brightaess" temperatures for the clear sky for level 
flight at 4,000 m. The measuiemente are as predicted from 
theoretical calculations. The tmperatures at 10.8 \xm are 
colder because there is less water- vapor absorption at this 
wavelength compared to that at i 1 .8 \im. The temperature at 
1 0. 1 pa is ■wmrnt due to the mdiom^er reiving radiati<»i 
from the strcsig 9.6-p,m absorption band of ozone in the 
warm stratoi^l^e. For comparison, measurements taken 
fiom tbe g^mM kxkk^ sA a dto are ioclcKiai in 
figure 3. 




Figure 1. Diagram of fhet multkhannel rediometer. 



mmjmm Am mBcmmA-mm of ash clouds by imfrahjed radiometry-b: experimental 3 1 5 




Figure 2. ReMve ^>ectral responses of iie d^srtor and feans- 

mittances of filters and the gernianitirn wir.dow. Heavy lines indi- 
cate spTCtral response of broad filters; light lines indicate spectral 
re^posse of narrow fiitera. 

FigjiHe 4 shows biigbtoess temperatt«:es measujred when 
the aircraft was flying horizontally toward a cumulus cloud 

at 3,300 m. Again, the temperatures at 10.8 jim are less than 
those at 1 1.9 jim, as pre<ficted by tiheoiy. In fius ca^, the 
iO.l'^Bn chamie! s!k>ws a colder temperattatt diie to fte 
cic»ld obscuring warm stratospheric ozone. 

The tests at Hobart showed that the radiometer could 
operate well in an aircraft flying at levels up to ifiOO m. All 
measurements wife ihe radionneter agre^ wife fteoretical 
calculations. 



VOLCANIC- ASH-CLOUD 

MEASUREMENTS 

Having fully tested the radiometer on an airborne plat- 
form, it was then necessary to use Ae instmment to study the 

infrared characteristics of a real volcanic ash cloud. For this 
reason, the radiometer was taken to Mt. Sakurajima, on the 
southern Jafi^n^ idand of Kyushu. Funds were iK>t avsul- 
able to mount an aircraft campaign, but there were several 
advantages in operating the radiometer from the ground. Mt 
S^urajima has an altitude of 1,11$ m and is an active vol- 
cano that erupts between 100 and 200 times annually. 
Between eruptions, there is almost continual ejection of vol- 
canic ash into tiie ^osphere. EHirii^ Ifcese pas»ve ejec- 
tions, the ash is usually carried to no more than 1,000 m 
above the crater. When the volcano erupts, however, ash can 
reach altitudes of several feouiKffids of m^ers (CModera and 
Kamo, this volume). 

Observations of clear skies, water/ice clouds, and vol- 
canic ash clouds were taken from different locations in fte 
vicinity of Mt. Sakurajima. For the Japan measuremeafc, fee 
8.6-u.m SO2 filter was used along witih die narrow giters at 



"2® I w i ^ I J j ^ i 1 t ) J ) j I < t t 1 1 1 t t j t 1 ( t t t""v '!i' "{" ' |" r " ' i"" t " ' i ' 




i O LOWTRA!*! catejfations 

l.JiiA ,;.i;L1 i 1;J,,,,^, :t ,,i,,,f > ,, J , l, , J,, ,i l i,,,, t ,,,, f t t t . t , t t i jnt i , ii mi i „ ; , t ( t il j t il i i t ni l 

9 10 1% 12 

WAVELENGTH, IN MICROMETERS 

Figures. Oe2u--d^ measurements usii^tlKi infixed r3di<»neter. 

LOWTRAN, a radiance/transmittarsce code developed by the U.S. 
Air Force. See Prata and Baiton (this volume). 
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Figure 4. Airborne measurements of a cumulus ciwod made near 
Mt Sakurajima, Japan. Vertical bars tndkate measurement 
uncertainty. 
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iO. 1 aad 12.0 pm and the wider filters at 10.9 and 1 1 .8 pm. 
The gmnmixm window was not used in tte measurements 
made in Japan. 

The adiometer was operated under computer coatroi 
wMi a calibration cycle for ail channels as^ at the start and 
end of a measurement period. In between calibration cycles, 
the radiometer cycled between the selected filters. T^ically 
liifi ladtometo' viewed at one wavelength for ^Knit 10 s 
before cycling to the next filter. 

The resaits of clear-sky measurements have already 
beea ^wn is figare 3. Of particular interest is the warmer 
signal is the 8.6- and 10.1-p.m channels, presumably due to 
iacreased concentrations of SO2 and CO2 from the volcanic 
missions. The ofter interesting fe«are is the difference 
between the 1 1.8- and 12.0-p.m measurements. This is 
assumed to be due to excess sulfuric-acid particles in the 
hazy atoosphere sear Ae volcano. Sai&ric acid las a much 
Wronger absorption at 1 1.8 am than at 12.0 iim. 

On several days, the radiometer was used to view the 
volcanic ash cloi^ rasanating from Mt. Sakurajima. On most 
occasions, there were sufficient water clouds in the vicinity 
to enable measurements of both volcanic ash clouds and 
water clouds from, the same location under the same condi- 
tions. The results of measurements taken from the Sakura- 
jtma Volcanological Observatory on March 10, 1991, arc 
shown in figures 5 and 6. In figure 5, the brigirtness temper- 
atures of a cumulus cloud are siiowa as m^tsured by the 
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radiometer looking at an elevation of 21*. As with the air- 
borne measurements, tfje tempsratare at 11 .8 |jum is wamer 
than that at 10.9 urn. Figure 6 shows the brightoess temper- 
atures in the five channels obtained at an elevation of 13.5° 
and lodking toward tfee volcanic clood. In contest to the 
cloud observations and the clear-sky measurements, the tem- 
perature at 1 1.8 p.m is cooler than that at 10.9 pm. Also, the 
fi^ire iiows tiat the same djaran^eristic is trae for &e aar- 
row-band channels: the temperature at 12.0 urn. is cooler than 
that at 10.1 ixm (fig. 4). In fact, these measurements show 
Atat tite naiTOw-band channels give a better discrimination 
than the broader channels. However, this improved discrim- 
ination was not always observed in the radiometer data, per- 
haps due to changing concentrations of carbon dioxide and 
sulfuric-acid particles in the intervening atmosphere. Never- 
theless, in al! cases when viewing water and volcanic ash 
ciotids, the radiometer vras easily able to disMimln^ 
between die two closd t355es. 

CONCLUSIONS 

The multichannel infrared radiometer has been tested 
on both a high-fiying aircraft in Australia and on the ground 
in lS*e vicinity of a Japane^ vcdcano. Hie restiits fk>m ttiese 
tests support the theoretical calculations of the spectral char- 
acteristics of the infrared radiance emitted by dear skies, 
water/ice clouite, and volcanic c!oQ<te. Radiomeler mea- 
surements indicate that water clouds and volcanic ash clouds 
have markedly different optical properties at wavelengths 
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.f^re.S. , .Ground-tesed m^aiisMafflnts of a «it!»dsB cloud nsiar 
Mt, Sakurajima, Japan, Maidi 10, 1991 . Raifioaaete^ look^ at an 
eievaticn of 2P. Vertical bars indk»te measuremoit mscatainty. 



j^pBre, 6. Cltowwi-Jesed measurements of volcanic a*. <^BBii 
esiasa^ fxm Mt Sakurajima, Japan, March 10, 1991. Ra<ik»»- 
ter looking at an elevatiaa of \ 3.5°. 
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sear 1 1 aad 12 pm. Tbis contest in the behavior of the two 
types of clouds clearly identifies a means whereby an air- 
borne instrament can be used to successfully detect bazard- 
ous volcanic ash clouds in the flight path of commercial 



CONSIDERATIONS FOR AN 

Aummm Bwmumm syshim 

The infrared l®chiii<pie for ■fee airborne detection of vol- 
canic ash clouds has several advantages over other systems. 

1 . An infrared instrament detects the presease of silicate 
particles, vsrMch are the actual constituents of volcanic 
ash clouds that cause aircraft engines to stall. 

2. The instrament relies on passive remote sassing to 
detect tlie naturally emitted radii^yksi fitom the ash 
cloud and does not rely on the reflecticm of energy 
transmitted from the aircraft itself. 

3. The instrament would dst&cx, vol<^c cltmds well 
ahead of an aircraft (100-2<X) Ian), giving ample time 
for evasive action. 

4. !f infrared-detector arrays are used, Ae instrument 
could operate without any moving parts. This would 
be a great boon for reliability and maintenance. 

5. The technique is ideally suited for incorporation into a 
multifunction instrument Similar technology can be 
used to detect clear-air turbulence (Kuhn and others, 
1977} its well as wind shear in ihe landing and take- 
off ptoses of fligi^ (SiiKsIdr and Kiiiin, 1 99 1 ). 

RECOMMENDATIONS 

In view of Ae results presented in this paper it is recom- 
mended that: 

I . Research work continues in order to identify the opti- 
mum wavelengths axid lmdwi<Mts f<^ an operational 



instrument, 

2. Further tests are undertaken to investigate a volcanic 
^ doi«i ^ akorafl-cruise aftitudbs^ 

3. Financial and other sis^i^pcHrt be given to the develop- 
ment of a full airborae pnjtotype instrament, and 

4. CoHiixHative pn^rams be <tevdlqcied to work toward 
a muWftmctiOT instrament using iafrar^ rad«>m«*ry. 



ACKNOWLEDGMENTS 

Fimding for the radiometer development and the air- 
borne trials in Hobart was provided by the Commonweallh 
Scientific and Industrial Research Organization (CSIRO), 
Office of Space Science md Applicaions. The instrument 
was Imilt in the CSIRO workshops by Mr. John Bennett and 
his staff. The field trip to Mt. Sakurajima was sponsored by 
the Australian Etepartment of fe<fcstiy, T«;hiiology, and 
Commerce under their bilateral science and technology pro- 
gram with Japan. The field program at Sakurajima would not 
iHve be«B p<^We wi^ost Ae <s{te^astic saipport of Pro- 
fessor Kosukc Kamo and his staff at Sakurajima Volcano- 
logical Observatory. The authors would like to express their 
deep thanks to these colleagues who lave made such a valu- 
^le contribution to Ms progfam. 



REFERENCES CITED 

Kxlm, P., C^ica^ F., and GUIe^i^ CM, Ir., 1977, Clear air tur- 
bakaae; de^sx&m by m&m>d observsc&cm of watet vspm 
Science, v. 196, p. 1099-1 100. 

Praia, AJ., 1989, Observations of volcanic ash ciouds in the 10-12 
pm wiratow uang AVHRR/2 data: Internationa! Journal of Re- 
mote Saising, V. ! 0, p. 75 i-761 . 

Sinclair, P.C., and Kuhn, P.M., 1991, Aircraft low altitude wind 
shear detection and warning system: Journal of Applied Mete- 
orology, V. 30, p. 3-16. 



VOLCANIC ASH AND AVIATiOM SAFETY: 

fsxxs&ags of tie Fim !s3em^<si3l %!^o$i$tm 

U.a <]*CaXXiiCAL survey BtfULETIN 2047 



SATELLITE MONITORING OF VOLCANOES 

USING ARGOS 

By J.P. Cauzac, Qiristian Ortega, and Laurel MttehUmusen 



ABSTR4CT 

The Aigos satellite system im beets used for environ- 
mental data collection for more than 10 years. It was first 
iBed on a volcano in 1982, collecting data from field exper- 
ijneuts on Mt Itna. Since lisen, majsy more volcanoes have 
been monitored with portable data loggers transmitting 
through Argos. These provide year-io»g observations and 
give jsers r^My ofKj^id data sete for a heXi&t aaier- 
staadiag of complex volcanic pbeuomeaa. 

Aigos stations provide pemimmt mcxn^ont^ md hdp 
to detect increases in activity on remote volcanoes. Special- 
ists can be brought in before the volcano erupts so airline 
companies have information more qtiickly. For civil avia- 
tioa, tbe most useful featare of Aigos is its worldwide cov- 
erage. Orbiting satellites reach the world's most remote 
are«. Processing centers in Toulouse, France; Landover, 
Md.; MeibooriM!, Australia; and Tokyo, Sispm^ <&^s&«3^ all 
collected data to users. They also allow i^vml u^iS:£o^Ciaxe 
information simultaneously. 

In collaboration with scientists from INSU (French 
Institute for Earth and Planetary Sciences), CoIIecte Locali- 
sation Satellites (CLS) Atgos has recently developed two 
^pes of stations: one for monitoring seismic ttrniom md 
events (SISMO I ), and one for monitoring physical-dietnical 
parameto^ (MONOA). Along witii Jiie stations, users are 
provided wifli defeated PC software diat can automatically 
download data from one of the processing centers, puttixem 
in a database, and display the results graphicaEy. 

INTRODUCTION 

Most volcanologists agree that active volcanoes shotdd 
be more widely monitored. But the significant eruptions m 
tite 1980's were mostly at volcanoes wift few previously 
observed eruptions. This is why volcanologists are now call- 
ing for permanent systems on more volcanoes (Tilling, 1 990; 
Ward, 1990). CoD&iKSJS m<Hiitoring of volcanoes would 
provide a way of recording early signs of activity and pro- 
vide information on the physical-chemical processes that 



trigger and sustain eruptive activity. Monitoring more volca- 
noes would increase the probability of observing eruptions. 

Owing to high investment and maintenance costs, it is 
not feasible to establish permanent, sophisticated observato- 
ries on each active volcano. It is even less feasible in remote, 
^^srcdly inhabited ar^ wime &e risk for local populations 
is low. The problem is ^iaa ev^its st titee uamonitsrared vol- 
canoes can affect air tssMc. 

Ranotely lacasitored d«*a-collaJtioa platforms are a 
co^-elitoive alternative to large observatories. Data are 
relayed liffoui^ the satellite to one or more institutes in 
cterge of long-^xm monitoring and responsible for ikitsct- 
ing early signs of increases in volcanic activity. If required, 
these institutes may decide to do more accurate observations 
using satellite images or by fcstalling additloia! instruments. 
This continuous monitoring would help to protect civilian 
populations and would provide input data for scientific stud- 
ies. For aMme compaaaes, Ms m»y help to ssve days in tiie 
decision prcxsess when air routes are to be modified. 

Among o&er telemetered platforms, those rsforting via 
the Argos satellites have many attractive featoes. Tbsy asre 
easy to instsdl and mainlain and re<pire little on-site equi^ 
ment. Because ftey are reliable and ise litde power, cm 
be left unattended for a year or more while transmitting data 
several times per day. Finally, they benefit from the worldwide 
dissemination netwoik operated by Argos, which has already 
been chosen to distribute data collected by thousands of envi- 
ronmental platforms (drifting buoys, fishing vessels, etc.). 

Tim Socmteat agdmss a ^gldbal sy^m for vdbffl© 
ol:»ervatk)Q using satellite teaimiission by Argos. 

ARGOS EXPERIENCE IN 
MONITORING VOLCANOES 

lie first application of Argos on a volcano was in 1982, 
when scientists from different ^ttth-science agencies coop- 
erated and developed common monitoring tools in the 
French PIRPSEV program (Interdisciplinary Research Pro- 
gram for tte Forecasting of Volcank &uptions). Aigos 
platforms are now installed on more &an one dozes volca- 
noes worldwide (fig. 1). 
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• Etna monitored by LGIT & IPG for PIRPSEV 

Emjmhrim 

. AiT*rym, Hunter. Maithew. Varvuatu mon»or»d by ORSTOM for PIRPSSV 

* Stismic as^ maltisxtwr j^mm 

• Colima. Momototmbo, Nyos. KeSud. Merspt. Ru^seho. Sopalafl. Taai 

monitwe<{ by Universite <Je Savoie ♦ Multisensor platform for lake buoy 

LGIT: Laboraioim <Se G^ophyslque Interne *f Tectonophysiqm ^ MON'OA test platfonn for temperature 

<fas Eivptkins ^tcmtkfj^ 

IPG: Ira^Hutaei Physiqm efei Qlobe 

Figure 1. V<taHJoes nsssk^ Mgas jiatSoms. Md^OA, ^Aagos ststm for msratorag i%skak5hfflsicd 
parameters. 



A lO-statiatJ seiamic i»twoik was installed on Ml Etaa, 
Italy, in the early 1980's and operated continuously for sev- 
eral years with practically no maintenance, even though cer- 
tsdn Nations were at altitiides of over 3,(K)0 m. Seismologists 
(Glot and others, 1984) developed on-site filtering of data to 
ftaasmit significant seisnic parameters in short Argos mes- 
sages. The ti)tne-tag pix)Vi<ied by fee Argos s^llites syn- 
chronized all stations down to 10 unts (nuffis^^^tds) and 
helped to locate seismic epicenters. 

Further experiments led by ORSTOM (French 
Research Institute for Cooperative Development) at volcanic 
islands in the New Hebrides showed Argos to be a very ade- 
quate tool for monitoring remote and uninhabited sites on a 
long-term basis. Fumarole t«raf>etatoes, l^-flax mezsmy 
meets, and loo^ seismicits? are jaaoag 1 5 parameters tiat are 
tiansmttted niae times per <fey. Tlie first plj^ferms were 
irstalled in,1986, andiMsa a«e :^iE.i«pcatiBg pt&W Lardy, 
unpub. data). 

Tliie February 1990 eruption of the Keiut Volcano, East 
Java, ladoaesia, show«3 how pmaanent m<aiitcHii^ cm 
help to mitigate the effects of an eruption. A single Argos 
buoy in the middle of the crater lake collected precursory 
signs mortis bdfosee Ifee en^oa. Soine slowly v^sg 
effects would not have been easily monitored with discrete 
measurements. The buoy was designed by the University of 
Qm&heey, Wimsn, as part of a cooper^ve fKOgram with the 
Volcanologicai Surv^ of Indonesia (VSI). Saisors included 
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Figure 2. Kelut Volcano, Indonesia — Lake temperature before 
the eru|)tioB of February 1990 as transmitted via Argos and moni- 
tored 1^ ijc Voiamiio^x^ Smvey of lotoseaa. Tanpera&ae 
measraemeis ceased 8£ iie tiim c€ ffl^fi^on. 



thermistor strings and hydrophones to detect the bubbling 

noise; data were transmitted via Argos. Surface-temperature 
measurements increased constantly by about FC every 10 
days from November 10, 1989, to February 10, 1990 (just 
before the eruption). The lake-bottom measurement showed 
a sharp iiicrease, from 43''C to 58.5*C, within 10 days in 
Novanber aiui remained the s»ne astil the first phre^c 
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tsdic^ ite area <^ gromd <»v«mge. sx&i m 3 m&x^^ 

ovrarlap betwem siKjoessive passes. 

eruption (fig. 2). The low- and medkin-&eqtieiicy T&xaA- 
ings of liie hydrophone showed m mac&mi of gas tabbies 
frran January 15 to 20. Because of the abiBty to detect pre- 
cursory signs, the alert was issued sevmd iii<»3&s before the 
eruption, and iarge-scsie m^mem^ woiics were quickly 
carried out to prevent a major catastrophe. The combination 
of intensive volcano monitoring, warning syst^ns, and vol- 
cairio-h^atrdJBSS^^ent significantly rediic^tl^iminberof 
victims (Si«ira<|at, 1991). 

New joint studies with the Volcanological Sur\-cy of 
Indonesia are scheduled early in 1993 to monitor Merapi 
Volcano, Central Java, Indonesia. This program, funded by 
the French Delegation aux Risques Majeurs, includes instal- 
lation of Argos platforms with extensometers (MONOA) 
and seismic recorders (SISMOl). The development of these 
platfcams was fimded by CIS, the 0|>e{:^r of the Aigos 



OVERVIEW OF THE ARGOS SYSTEM 

Argos has been operational since 1978 and is the result 
of a cooperative program by National Aeronautics and Space 
Administotion (NASA), Ms^c«a! Oceanic Atmos|^teiic 



Table I. Variatioa of Argos satellite "visibility" from the ground 
as a fsasction of Mtade. 

[?TT, platform trar.sniittsr terminal {latipjdc shown in degrees); cot., visibiiity, cumu- 
lative visibsliiy over a 24-hoar period (in time u.-.itsof minutes); tnin. passes. :nir.;n;um 
number of posses per 24-hoi!r period; mean passes, man r.umber of passes per 24-;-)c>ur 
period; max. passes, njaxisjium number of passes pet 24-houf period. See text for 
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Administration (NO A A), and the Centre National d' Etudes 
SpatisJ^ (ONES, the Firendh space agency). The Argos sys- 
tem offers two capabilities with worldwide coverage: (1) 
collecting environmental data from remote platforms, and 
(2) iocatiBg ibe piatfoms. 

The sateHite was launched in 1978, and new satel- 
lites aw htmcMA eweay 1 or 2 years. He space segment is 
c<»|sri^ of two 1*IOAA satdlit^ in a iow^ ^BaA miM 
3). They receive all transmissions from platforms that are 
visible from the satellites during fee entire oilatal revofartion. 
The signals aiif Mfed by tape t&SCfi&xs dtiW^ fiie= satel- 
lites and are downloaded to three ground stations. The 
onbcard equipment also tetrananits the data in teal time. 
Pn^eatily, two Axgm satelUtes are in opeta!&on (fWAA-H 
NOAA-D), wd two ottsers are Iwickups. 

The satellites provide worldwide coverage with polar 
orbits at 830 km and 870 km altitude. The orbital period is 
aiproximately 101 minsSe^ this gives 14 orbftal revolati<ms 
per satellite per day. 

Each satellite ssmdtaii^cmsiy sees all platfcHins wi^m 
a 5,(X)04cm-diaBt«*er cacle. As fte satellite orlwts, tlM visi- 
bility zone sweeps a 5,000-km-wide swath around the Earth 
that passes over the North and South Poles. As a result of tit 
Earth's TOt^on, the ground tracks aid swalh ^ft 25" west 
about the polar axis, with sidelap between successive swaths. 
Because sidelap increases with latitude, die number of daily 
passess over a given platform depends on I^taide, txm ax 
messages per day at ije eqpator, to more fljaa twenty at tfae 
poles (table 1). 

Argos platforms consist of data loggers with a 40 1.650- 
MHz platfoxm tmisaraitto" terminal (PTT). Bach FIT trans- 
mits a short message (up to 256 bits) that is repeated regu- 
larly (every 200 s, for example). Several messages can thus 
be received on a single pass, inoeastng trammisston 



322 



VCXUCANIC ASH AM) AVIATiC^ SARETY: BSOCEEmHCS, FIRST MTERNATTOMAL SYMPOSIUM 




Figare4. Ai)|!os woiMvdde coveii^ aitd aim {X<cx;«ssed in 

circles show area where 50 peicart; <rf afi recdved messages are also processed in regi<»al mp^. Ilm cacte 
area where 30 percent of all recdved iii«sa^ m also processed in regional mode. 



reliability. For moMe platforms, location can be calculated 
from the Doppler shift on the signal received by the satellite. 

The Argos onboard equipment receives al! messag^: 
transmitted by platforms within the satellite-visibility area. 
Messages are received, processed, and retransmitted back to 
EaiHt when the satellite is in view of one of the three ground 
stations (Laimion, France; Wallc^ Island, Va.; mi Fair- 
basks, Aia^). 

■ &teis^fKJ^ed in two manners: regional and gloW: 
RegicHiai pmc«s^ mes &e real-time downlink m Qccws 
wi^i! the sateBite se« tihe platfons and iie receivii^ ^cs^km 
simultaneously. Because the data from these platforms are 
received in real time, they are avail^le to users more quicMy 
(fig. 4). Global processing occtas for M piatforms, even if 
they have been processed regionally, and uses the recorded 
data. Global and regional data flows are received by ground 
st^ons aad are then serA to one of fte Argos proc^stftg cen- 
ters: either Toulouse, France, orLandover, Md. The two cen- 
ters are linked by a dedicated line in order to back each other 
up 0ai :dHow Jtial^piooessiBg^of daia. ^oes^ op@ri^es 
aitbaBd the clock every day of the week and features full 
iatoal redundancy. A center has recently been opened in 
Mdbc«ffiB©r.AK*tai^ •mA>fmmS^ jx^md tmesaigQ for 
platforms in that area. A similar center in Tdsyo ^^abiate 
data collected in the global mode. 

The centers check' and' tim©48^ naess^jes mi sort 
them by platform. On request, sensor data can be converted 
into physical values. Users access their results via an on- 
line dissemination system, supplying the last 4 days of data 
plus data for the current day. Data are also archived and 
can be recovered off line (tapes and floppy disks). Most 
users connect to the closest distribution center through pub- 
lic networks (Tymnet or Internet in the United States), 



using desktop computers with modems. They receive new 
messages upon interrogation or automatically at defined 
intenrais. 

Throughput tim.e (the delay from when a message is 
received by satellite to when it is available to users) 
improves constently due to frequent upgra<Jes at'fee procm- 
ing centers. In global mode, 60 percent of the messages are 
available in less than 3 hours. In regional mode, 60 percent 
of data are availaWe in less than 45 minutes and 95 f«^t 
ate availabte in 1^ fiian 1 hc«3Er. 



AM AMS^ ¥@IX:AM)L0GJCAL 

SYsmm 

CLS Argos has worked with seismologists and volca- 
ndk^ste to define a basic volcano-ffionitiKijn^ system. The 
system includes field stations with Argos transmitters and 
dedicated software to access the data (fig. 5). The main 
olgei^c is to providte botib local teans coopen^ng sci- 
entists in other countries with continuously updated informa- 
tion on volcanoes where permanent laboratories cannot be 
instelled. 

The user has continual access to transmitted data m near 
real time (results available in less than 1 hour when &m plat- 
form is served by regional processing mode). Sevesal tisms 
per day, the user knows the status of scientific measurements 
and station-operating status (housekeeping parameters), 

wMch d!ow efficient schedule M:„:fi!eM„WQj3c..„EinaHy, 

many scientists worldwide can lave skx^ to the dtea 
throu^ computer networks. 
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Figure 5. The Argos volcanological system provides two ways to access data: (I) locally, with Ml data set on re- 
movable memory card, and (2) by means of the Argos dissemiaatios networic. 



In addition to remote monitoring via satellite, data can 
be accessed locally. The stations developed by CLS Argos 
have programs for configuring instruments and retrieving 
data. This can be done in the observatory or on site using a 
portable personal computer (PC) — ^this insures that local 
teams are folly involved in processing the data from their 
volcano. The software downloads all the data from global 
and regional Argos processing centers and displays graphics 
and tables on a PC. Data from several stations can be read 
with a single program. 

The current Argos volcano-monitoring stations are 
SISMOl and MONOA. The SISMOl is dedicated to seis- 
mology. The MONOA records slowly varying parameters, 
such as fumarole temperature, extension of faults, etc. Both 
stations have high memory capacity, low power consump- 
tion, and include a miniature Argos transmitter. They are 
powered by solar panels and batteries. 

The PC-based program to retrieve Argos data performs 
the following functions: interrogation via modem of the 
Argos processing center, access to the latest data, and stor- 
age on the PC hard disk. The program manages a database 
consisting of months of collected data for each platform; the 
program is built around the Novell XTrieve structure and is 
compatible with many scientific programs. Parameters can 
be displayed as curves or bar graphs; several parameters can 
be monitored on the same screen when correlation is useful. 

The cost of the monitoring system is within reach of 
volcanological institutes. The basic MONOA station, ready 
to use with its Argos transmitter, starts at approximately 
S2,500; the SISMOl starts at $5,000. With S25,000, one can 
set up a basic volcano observatory that has several stations 
and several years of transmission via satellite. 



TECHNICAL DESCRIPTION 
OF THE FIELD EQUIPMENT: 
SISMOl AND MONOA 

TECHNICAL CHARACTERISTICS OF SISMOl 

SISMOl is a portable data logger that digitizes, pro- 
cesses, and stores the ground-velocity signal recorded by 
geophone. It also transmits significant data via Argos. It is 
for two types of applications: (1) long-term monitoring with 
a few stations per volcano, with transmission of mean 
energy, number of seismic events relative to given thresh- 
olds, and duration of tremors relative to given thresholds; (2) 
short-term, comprehensive, seismic studies, such as installa- 
tion of large networks of stations for locating and tracking 
seismic events. The network can easily be synchronized by 
accurate time-coding done by the Argos satellite. 

• The analog-input stage features adjustable gain (from 
1 to 2,048) and sampling rates up to 200 Hz. A ! 2-bit 
analog-to-digital converter is used. 

• The input signal is permanently processed. It triggers 
acquisition and storage according to one of three 
modes: (1) automatic seismic-event detection by 
short-term to long-term, average ratio (STA/LTA); (2) 
time triggered, the signal being stored during up to 30 
programmable time slots; (3) wired remote start up. 

• Signal processing based on algorithms tested by Insti- 
tute of Geophysics in Ziirich (Baer and Kradolfer, 
1987). 

• Data are stored on a removable Flash memory card 
(credit-card size), with 4-megabyte capacity. A 
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64-megabyte version has been announced by card 
manafacturers. The Aigos message wamswhen the card 
memory is 80 percent fnl I . This helps to help to schedule 
card replacement. SISMOI controls the card status and 
protects from overwriting data. 

• The internal clock tags arrival of seismic events to 5 
ms and can be synchronized with an external radio 
signal. Also, several stations can be externally syn- 
chronized by comparing tihieir time with the accurate 
Argos satelHte dock. 

• The Argos message, transmitted at 401.650 MHz, 
includes a piatform identifier plus 256 bits of data. 
The number of Argos messages received depends on 
station latiftKk (minimian of eight messages per day 
at eqpator; siaximum of 28 at the poles). 

• SISMOI is powered by extermd 12-V dc supply, with 
an avenge canrfflst dteis c^ less thsm 20 m A. 

TECHNICAL CHARACTERISTICS OF MONOA 

MONOA is a single-input data logger with an Argos 
transmitter. Another version SKCommodates eight sensors. It 
is compatible with a broad range of seascss witii voltage or 
current outputs <0-i V, 0-15 V {±1 V), 4-20 mA). MONOA 
has a proven «tpd»iity to immeMaiely adapt to users' dedi- 
cated sensors, such as tiltmeters or extensometers. 

• Data-acquisition rates are programmable for 5, 10, 1 5, 
20, 30, or ^ seconds or minutes. Avmging periods 
are also user defined. A 10-Wt aaaJog-to-digi»l om- 
verter is used. 

• D&tz is stored on a I2$;iQbyte memory Ixmd. (One 

megabyte with 8-sensor version.) 

• MONOA is powered by external 12-V dc supply, with 
an average OHKait drain of less than 3 mA. 

• The Aigos message includes the last 12 measure- 
jnents, lime and date, and memory occupancy for the 
'st!#6=ssen»>r''vtrs!0in. 

A POTENTIAL APPLICATION; 
MONITOMNG VOLCANOES 
IN THE ALELTTIANS 

Akutan Volcano is one of approximately 40 historically 
active vdcanoes in tite Aieutiaa is|an:ds that lie dose to busy 
northern Pacific air routes. Its most recent eruptions, in 1992, 
confirmed that volcano ash plumes may disrupt and endan- 
ger air traffic, ifowever,, at pjej^rrt, no Aieirtian volcanoes 
are under sarveillance by the Alaska Volcano Observatory. 

Akutan is not yet fitted with Argos transmitters. How- 
ever, the geographical position of volcanoes in the Aloitian 
Islands is favorable for the Argos system. At these high lati- 
tudes, there are an average of twenty Argos satellite passes 
emj <fay, thereby providing frequently updated ^ta. In 
addition, the proximity of these platforms to the ground sta- 
tion in Fairbanks means that data from these platforms 



would be preceded in regional mode, and results would be 
available fe users wi^in 30 mimites to 1 hoar of being gen- 
erated. Collected data woeld be. readHy avaiaHe, wtetever 
the weather conditions.: 



OTMCLUSIONS 

Many systems can now monitor volcanic activity 
mmMy. Of these, Argos smW^^m^ dte coHection has 
unique strengths, including worldwide coverage and a 
proven dissemination network. Recently. CLS, the Argos 
system operator, has contributed to developing an end-to- 
end system that includes volcanologicai platforms and pro- 
cessing software. Volcanologists can now install platforms 
for years to sense, store, and transmit significant parameteis. 
The data are available to: (1) cooperating organizations 
around fte worid via the Argos data network, and (2) to local 
volcanologists, straight from the data logger. 

Argos data transmission is not hampered or degraded by 
cloi^ £»v«r OT daifaiess, as in some remote-sensing tech- 
mqji^. Ajigos provides advance information on volcanio- 
activity patterns and may be used to schedule fuiAer obser- 
vation using remote sensing. Compart to permanently 
manned observatories, Argos volcano-monitoring stations 
and satellite telemetry are cost effective, and a budget of 
$25,(K)0 would allow tiie monitoring of oninstramented vol- 
canoes. 

The benefits of volcano monitoring for aviation are: 

• Once long-term global databases are established, vol- 
canoes will be better characterized and understood. 
Sdaatisas may thea be aWe to access fee risk of eia|)- 
tions from historical trends and current conditions. 

• Aigos can provide remote notification of increased 
volcanic activity, as it did on Kelut, Indonesia, in Feb- 
ruary 1990. 

• Argos data can be accessed, via the operational Aigos 
distribution network, anywhere in the world. 
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CURRENT AND FUTURE CAPABILITIES IN FORECASTING 
THE TRAJECTORIES, TRANSPORT; AND DISPERSION OF 
VOLCANIC ASH CLOUDS AT THE CANADIAN 
METEOROLOGICAL CENTRE 

By Eeai D' Amours 



ABSTRACT 

The Canadian Meteorological Centre (CMC) Dorval, 
Quebec, is the main Canadian center for processing weather 
M<a»rf<»i Beotase^ of te ampsisst mi comemjica&jQ 
facilities and because of its numerical weather-analysis and 
pr«<fiction models, CMC is the Canadian agency that can 
most rapidy respond to m&nnatios requests about iiie large- 
scale evolution of pollution clouds. For that purpose, a 3-D 
trajectory model and a 3-D transport/diffusion model are in 
q^n^oct. Th^& iiiodek ^^^so ssed estesie die 0K>&« 
of volcanic ash clouds. This paper briefly describes the CMC 
and the numerical models available for atmospheric trans- 
peat A^ym^sa to vctoaic ai^ d^wSs is i^istm^ by ihe 
simulation of a hypothetical eruption at Mt. Meager in Brit- 
ish Columbia. Forthcoming improvements and direction of 



INTRODUCTION 

The Canadian Meteorological Centre, in Dorval, Que- 
bec,^ is part of Eo^inKtment Canadaand Is the main Cxniadian 
center for processsB® weather information. It supports the 
nine regional weather centers of Atmospheric Environment 
Service <AE^ plus the NatibMl J^fese. Weather Centres. 
CMC operates the AES supercomputer, a NEC SX-3/44, 
phis a variety of other mainframe computers, and the AES 
c<HMifflMcation systems. CMC runs numerical weatte- 
aiH^is and prediction models for AES. Weather obs^vs^ 
tions fiom fee world are coSSnuously arriving at CMC 
through the global telecommunication system (GTS) ss wdl 
as through the AES telecommunicatic© network. 

Wea&er analysis is p«rf<Hmed automatically for the 
global atmosphere through a data-assimilation system. Anal- 
yses are dom for foiff main synaptic tim^: 00:00 UTC, 
<^:W UTC, UM UTC, and 18:00 UTC. The date-ajOTnila- 
tion system consists of an objective-analysis (OA) procedure 
based on a multivariate optimum interpolation method aiid 



on global and regional spectral numerical weather-prediaion 
mo<fels. The piedirtion mo^ls produce 6-hour forecasts, 
which serve as initial guesses; those guess fields are then 
correcisd wife observatioBal data by the OA. Analyses are 
tene fbr'tfflRjpeESto^ gecfxteiJialfed^, wiad, md humid- 
ity at 1 5 vertical Icvds, extending from the Earth's surface to 
about 100,000 ft. Tb& aaalyzed fields are used as initial con- 
ditions for vmous forecast mo^ls. 

Two numerical weather-prediction (NWP) models are 
currently in operation at CMC: a regional finite-element 
model mi a ^obal spectsaS model. The regioaal fiaJte-ele- 
ment (RFE) model is a hemispheric model with variable res- 
olution; the high-resolution (100 km) area covers North 
America. Ifae mo^ isexeooiei ftrace a day, Jtf 00:(X1 UTC 
and 12:00 UTC, and produces forecasts for up to 48 hours 
into the future. The global spectral model is also executed 

to day 3 at 12:00 UTC. The accuracy of the forecasts pro- 
duced by these models is comparable to forecasts produced 
by (A&m^deml nateteorolopciyi caitm (taMe I). 

At all times, CMC has an accurate Icaowledge of the 
actual state of the synoptic-scale flow of the atmosphere and 
of its most prob^le evoMoa for the next fiw days. CMC is 
therefore the Canadian agency that can most rapidly respond 
to information requests about the large-scale evolution of 
poititios clouds during environmeatal emefgemiies. For that 
reason, a 3-D trajectory mode! and a 3-D transport/diffusion/ 
depositioa model have been implemented in CMC's opera- 
tions. Tbe primary purpose for implem«ating these models 
was U> koease pp^medae^ f<Hr ssciear »^fmci^ Tke 
models are also us^ to ^tiinate tbe motion of volcanic adt 
plumes. 



THE TRAJECTORY MODEL 

CMC's trajectory model is a simple 3-D Lagrangian 
model Given a 3-D wind field, the model will calculate the 
motion of a neutrally buoyant air parcel, starting from a 
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Table 1. RMS (root-mean-square) error of wind vector, 24-hour 
fisiKast for N<afli America, izxmxy ! , 1992, to April 30, 1 992. 

[Veiiicafesis were <}«! by dse isatbg Canadin M^sofc^icai (Msje, Dorw^, 
<Jij^>ec, foHowisf a>e W«dd Miaeor^ogical Organizatiai (WMO) leewaawi^SK 



Models 


500 hPa 


ZOOIsPa 




(si8,a»ft) 


<=3S,«»ft) 


Caaadiaji global spectral model , 


11.7 knots 


17.1 knots 


U.S. global model (aviation nm) .. 


,,, 11.5 Joiots 


16.8 kaots 


UKMO 0sM UKxkl 


...!2.6kaots 


18.7 fc^ 



specified point of origin. The model considers no other pro- 
ceiK than advectioB by the wkd. CMC's tejectory model 
operates on a polar stereographic grid in the horizontal plane, 
and in pressure coordinates in the vertical plane. It was 
dtes%r»^ rB<^y for m» over ^k>Iti^ Atsiffirica (%. 1). 

The model can be execated in forecast or hindcast 
mo^. it us^ tateipoiat^ wind fields md vertical motions 
pro<toced by fiie global data-assiinilation and forecast sys- 
tems. Trajectories are calculated for three air parcels origi- 
nating from a single location but from three different vertical 
levels, all user specified. 




Figure 1. Window for the trajectory model. Trajectories for parcels exiting the window will terminate at the point of exit. CMC's trajectory 
model operates on a polar stereographic grid in the horizontal plane and on pressure coordinates in the vertical plane. It was designed for use 
overNcKtb AnKrica. 
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CMC 

tWe S(SS 28 91 122 

WMOKSMBf »ascasTS .«» M 17 Ci P 17 13 



EftUTESms fiO-BXSS^S BO HlVSaS OS L8 HIX 
1 — . X 383 BS 



Figare 2. Sample ou^jut of tiajectoxy model as it is made available to the user. Positions are plotted at 3-hour intervals. Heights along 
tbe trajectcxi^ are ^vm <8t tine 1^ safe «f tkt ms^, in iUme meas sea hml The raap is ceritered <» the origin of the parcels for 
tks iKSib-$C8j^ directioii, but it is somewktt d^^^»d to the west. As in most circumaaiMes, pmeU move ispdly raaward Solid ttian- 
^es, trajec&»y at W hPa; X's, trajectcxies ai 300 1^; msses, trajectories at 250 hPa. 



Results from the trajectory mode! can be made avail- 
able to the users within 10 minutes of request The results 
may be traasasitted in chart foitn through the AES meteoro- 
logical satellite information system (METSIS) or via tele- 
copier. Positions calculated at 3-hour or 6-hour increments 
QsldtssSs, kmgitudb, asd height) along ^ trsyectories are 



also available in the form of alphaaaismc m^s^es ob AES 
telecommunications networks. 

The traj«»toiy model can be useful for ©tnissioas of 
short duration. However, it does not provide any information 
on plume dimensions or size, on air concentrations, or on 
micce dq>osition. 
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THE CANADIAN EMERGENCY 
RESPONSE MODEL (CANERM) 

The Casiadian mergeiicy-ie^oase laodd (CANMM) 
was <fcvdk>|*e<i iby J. PmfyMemcz of feivironment Canada 
followmg &e Oiemobyl i^ttJclear acdteit (Pudykiewicz, 
1989). CANERM is a 3-D advection/(M8«km model that 
emulates the effects of wet and dry soav^pag, eaimates 
wet and dry deposition, and models ibt auJongefiSscts vnMn 
the planetary boasdaty layer. Althou^ the model was 
designed to assess tie motion of r^ioactive clou^ i«sulting 
fewi large nuclear atxid^ts, it can be used to model volca- 
nic ash ckm^. 

In the current operational setup, CANERM can execute 
on either the Nortfaera or Southern Hemisphere. Three con- 
figaiattons ase avaif^le: (!) a hemispheric dbnain zt a hor- 
izontal resolution of 1 50 km, (2) a continental domain with a 
resolution of 50 km, and (3) a regional domain at a 25-km 
mGlotiion. The contiisentetl d<Hima covers a square ar^ 
roughly 1 .0x1 0^ km^ that is centered on the source of emis- 
sion. The regional domain is also centered on the source and 
ojvers about 3.&Kl(f fcm-^. He verti<al cootdinate is the ter- 
rain-following cr-coordinate (a is the ratio of the atmo- 
spheric pressure at a given vertical level to the surface 
presume at that locatioa). The model has 1 1 vertical levels xsp 
to ibmt 50,000 ft above sea level (a = 0.1; this is approxi- 
isKieiy equal to 100 hPa). Winds, temperature, moisture, 
and geopotential mast be provided to the model. These may 
come from an historical sequence of objective analyses 
(hindcast mode) or from the output of the global spectral 
model (forecast mode). The hindcast mode is as^ to otein 
iiie best estimate of the actual state of the plume, and the 
foreca^ mode is used to obtain the expected state. The two 
HKKles can be used in sequence for evenls of ext^ed dura- 
ion. 

The release to the mode! atmosphere near the source is 
modeled by a Gaussian function. The standard deviation is 
one grid length in the horizontal plane, and 0. 1 0 in the ver- 
tical plane. The height, intensity, and duration of the release 
are specified by the user. To simulate volcanic ash, an inert, 
neutrally buoyant gas tracer, not subject to washout, is used. 
CANERM produces estimates of the 3-D shape of the ash 
plume as it evolves in the atmospheric flow. Results can be 
nrade available &)i^ars is dtot form viatd^»^t«ralx>txt% 
ixiiHites stifteripeqpest 



AN EXAMPLE: HYPOTHETICAL 
ERUPTION AT MT. MEAGER, 
BRITISH COLUMBIA 

Mt. Meager volcano is part of the Garibaldi volcanic 
belt in British Columbia, where a volcanic eruption of con- 
sequence is possible (Hickson, this volume). A simulation 
was done for a hypothetica! eruption at 12:00 UTC, Jane 20, 
1991. Sample outputs ofHse trajectory and CANERM modr 
els are illustrated in figures 2 and 3 as they would be made 
available to users. An experimental run of CANERM was 
also done, at a resolution of 10 km, using interpolated fields 
produced by CMC's operational RFE model. 

The meteorological situation for the simulation was 
characterized by a weak wind circulation over western North 
America at all levels. This is apparent in the unusual behav- 
ior of the trajectories (fig, 2), which indicate a northwest- 
ward motion immediately following the hypothetical 
eruption. The trajectories at 400 hPa and 300 hPa recurve 
northeastward after about 18 hoars; the 250 hPa trajec^My 
trwsds southeast after iKfe'sSfsfe felipl^'timerHgSe'S'Mows 
the ash plume produced by the C AN'ERM ran at 5&-km res- 
olution, after 48 hours, at 250 hPa. The modeled plume 
reaches te in!*ttd over Ckegon and Id^o, bat the end point 
of the trajectory at 250 hPa, which should indicate the posi- 
tion of an air parcel originating from above die volcano 48 
hours.!atar, is ^ILover the ocean. He ptoste has; also spread 
over northern British Columbia; this is not indicated from 
fte trajectory at 250 hPa, but is hinted at by the trajectories 
at: :30G .aj^::40O. iiBa.. 11® .acteitt: of piodoced by 

CANERM is greater than what could be inferred from the 
trajectories. This can be explained by the fact that (1) the tra- 
jectory mods! has no ^fftsion in its formulation, mi it 
tracks an air parcel that has, in fact, no dimensions, whereas 
CANERM has a well-developed ash column to begin with 
becaaise of Ae Gaussian source mo<feI, and (2) the plaine 
continues to ^read djroagjKaJt tie simuli^OT because of dif- 
fiision. 

A test nm of CANERM at a rwdution of 10 Ian, based 
on interpolated wind fields produced by the RFE model was 
also performed for Mt. Meager for the same time. At that res- 
dirtlon, about 96 percent ofibe pivane at 4CN5 iPa is within a 
radius of 20 km at the first interval of 3 hours; this is compa- 
rable to the size of the umbrella cloud generated shortly after 
an ai;pi<Hi (Woodb: mi Ki&i^, ^me). tbs wiiis 
povided to CANERM do pmail r^oktti<»i of l^taies 
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« EAGER LHT=50.70 LON=-123.50 




250 HPfi 

(V 22 JUH 91 12Z FP 48BR TRBCER ) 



isokkpb: TSfiCES Kaxmmi mrmsive of HSLsasE: i.ose tc^s/se 

TOTAL XSLEftSE : 1.3E6 tOmS HEX^T OF RELEASE: SIQSA « .4 

^UlCE DESCRIPTIOH 

GfiUSSIfiX FORCING STHUDflRD DEVIATIOS JHOX) : 1 GRID LEHGTH 

GRIB LEKGTH: 50 ICM STfiHBfiRD DSViaTIOK CVERTJ: .1 SIGHH COOEBESaTES 

STEHDaRD SEViatlOli (TIHE>: 03H 



Figarc 3. Sample mtpxn of CANERM as it woald be transaiitted to tihe uses'. This is a 48-kHtr forecast of the instantaneous plume, at 250 
hPa (s 35,000 ft) from m exuxmskm m&i a raroMcm of 50 km. A* c<»jc«jttati<»s vmts are in fig^ «>f air Q^bns — parts per Wlim by mass), 
given an emission of 1 .3 megatons. In this simulation an meat gas tracer is med. EJeposidcm awl was^hout are not simskted Release hei^t 
is at 25,000 ft, and release duration is about 6 hours. 
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Figure 4. Forecasts of the instantaneous plume at 250 hPa (= 35,000 ft) from a test CANERM run at ! O-km resolution using intefpolated 
winds pnxted fey lise regkm! fitsis®-eleinent niodel for hypothetical eriq«ion of Mt Me^r at 1 2:^ UTC, Jme 20, 1 99 1 . The gpogra^- 
ical aiea ^wa on ilie jbj^ ctsistiitMes fte total dommn of ^ nKxtel for this run. Ash concentratkai units are jig/kg of air (ppbm), gsveat an 
OTsssion of 1 .3 megatoas. In this saaniiatioffl, an feicft gas tra» is used. Deposition and wasljout are mt siisuiated Release Mgbt is at 
25,000 ft, and release duration is about 6 hoars. Gsm ^mbol, which is barely visiMe m A-, itj^cate aj^ptoxms^ iocaticaj of Ivft. li&a^. 
A, 3-hour forecast; B, 1 8-ho«r forecast; C, 36-hoiH' feecast; D, 48-hour forecast. 
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of less than 100 km in size. It can be argued, however, that, 
at upper levels (which are of interest for aviation), the flow 
is relatively smooth and most of the variability is ia syn- 
optic scales, which are adequately resolved by the RFE. The 
evolution of the pltjine at 250 hPa is depicted in figure 4. At 
3 hours (fig. 4A), a tendency for the plume to bifurcate is evi- 
dent. At 1 8 hours (fig. 4S), the cloud has spread considerably 
and the maximum concentrations are well detached from the 
source. At 36 hours (fig. 4Q, extensive stretching has 
occurred and a branch is moving rapidly southward. From 36 
to 48 hours (fig. AD), it can be seen that the whole cloud over 
the Pacific has started to tiansiate eastward as the atmo- 
spheric flow aloft begins to reorgsmize. The final shape of the 
cloud at 250 bPa could not have be«n easily deduced from 
the trajectories aione. 



FUTURE CAPABILITIES 

The NEC SX-3/44 supercomputer was installed at 
CMC in early October 1991, and the conversion of CMC's 

operational system was completed on December 15, 1992, 
resulting in a reduction of the response time by a factor of 



two for CANERM. A global mode for the trajectory model 
and CANERM will be implemented in early 1994. 

Development work to account for particle-size distribu- 
tion and settling velocities is in progress. CANERM's capac- 
ity to provide estimates of ash surface deposition will be 
activated in mid- \ 994. ImpDvcd w« scmmpng wil! also be 
possible using available precipitation fluxes fix)in NWP 
models. 

Over flie next few years, estimates of air concenftations 
and of surface deposition very near the source will improve 
with the introduction of more sophisticated sab-models to 
better estimate initial plume rise, vertical distribution of 
ejected materials, and other sab-grid-scale effects. Eventu- 
ally a dedicated, high-resolution, non-hydrostatic meteoro- 
iogicai model will be included to resolve the detailed 
stuicture of stmos|^eric motions in the vicinity of the 
source. 
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AN AIRCRAFT ENCOUNTER WITH A 
REDOUBT ASH CLOUD (A SAIELLITE VIEW) 

By IS^msssm G. Dean, Lawrence WMting, and Hm^tao Jiao 



ABSTRACT 

Satellite images, wind measurements, and ground 
observations were used to track and map gas clouds and ash 
clouds emitted by Redoubt VolcaEO, Ala^a, on 15 Decem- 
ber 1989. This cmption resulted in a nearly catastrophic 
encounter between airborne ash and a Boeing 747 jet aircraft 
(raost of southern Alaska was completely covered by clouds 
on that day). Four satellite images were analyzed using com- 
plex digital-processing techniques to locate geographic fea- 
tures and to distinguish eraptios-related gas clouds from 
meteorological clouds. The technique of subtracting thermal 
infrared bands to detect ash clouds was applied to three 
images but was only ssiccessM oa the 13:42 Alaska Stan- 
dard Time (AST) image. The 1 3:42 image revealed the pres- 
ence of two ash clouds near Fairbanks and Delta Junction 
that may have been involved in the encounter with the 747 
aircraft earlier that morning. Ground samples from the two 
ash clouds help quantify the characteristics of ash clouds 
detected by satellite sensors. The eruption at 10:15 AST 
appears to be the origin of the ash iavolved in fee aircraft 



INTRODUCTION 

Ob 14 EJecember 1989, Redoubt Volcano, located 177 
km soufewe^ of Ascksiage, Alaska (fig. I), erupted and 
expelled a huge eruption cloud composed of ash and gas to 
dtitudes greater tisan 10 km (Bramiey, 1990). For the next 4 
months, 24 additional eruptions resulted in the deposition of 
ash throughout southern Alaska (Scott and McGimscy, 
1991). Clouds of ash and gas from Redoubt Volcano drifted 
teii<i^ of kilometers to locatioss beyond Faiibanks, Ddta 
Junction, and Glcnnallcn. 

The danger to airline traffic posed by airborne ash was 
exemplified on 15 Ykxxmh&s at 11:45 Alaska Standard 
Time, when a Boeing 747 jet flew into an ash cloud at an alti- 
tude of 7,600 m (25,000 ft) northeast of Taikeetna, Alaska. 
All four engines stotdown wiftin minutes after the aircraft 
&s&mA ^ dbtd but wefe restaatoi akait S mimites kto. 



narrowly averting a catastrophe (Brantley, !990; Casadevall, 
in press). The ability to detect, monitor, and predict the 
movement of volcanic plumes and ash clouds would help to 
minimize the possibility of aircraft encounters with ash. Sat- 
ellite images are one potential source of this information. 
The 15 December 1989 chronology of events and National 
Oceanographic and Atmospheric Administration (NOAA) 
advanced very high resolution radiometer (AVHRR) satel- 
lite images used in our analysis arc given in table 1 . 

NOAA AVHRR satellite images have been used to 
monitor and analyze erapticai clouds fmn Redoubt (Dean 
and others, 1990; Kienle and others, 1990); from .A.ugustine 
(Holasek and Rose, 1991), from Colo, Indonesia (Maligreau 
and Kaswanda, 1986); from Mt. Galunggung, Indonesia 
(Hanstrum and Watson, 1983); from El Chichon, Mexico 
(.Matson, 1984); and from Mount St. Helens (Matson and 
Staggs, 1981). Techniques have been developed to distin- 
guish ash clouds from meteorological clouds and other air- 
borne volcanic constituents (Frata, 1989; Holasek and Rose, 
1991). Images from the Earth observing system (EOS) 
spacecraft will become an additional source of data for ana- 
lyzing volcanoes in the near future (Mouginis-Maric asd oth- 
ers, 1991). 

images from the AVHRR sensor aboard the polar-orbit- 
ing NOAA- 10 and NOAA-li (N-IO, N-U) sateiiites are 
recorded for the Cook Inlet region more than 10 times per 
24-hour poriod. TMs high tmporal resolutios is to 
^i^h^aS&sMtM:e3i^mm&m^s^^,mm<:k image swaib 
from adjacent orbits. The data have a spatial resolution of 1 
km and a swath width greater than 2,000 km. The images are 
recorded in five waveleng&s: visible band 1 (0.58-0.68 
urn), near-infrared band 2 (0.72-1.1 um), thermal-infrared 
band 3 (3.55-3.93 jim), thermal-infrared band 4 (10.3-1 1 .3 
Jim), fflid tihermd-tnftared tend 5 (11.5-12.5 ym). How- 
ever, on even-numbered NOAA satellites up to but not 
including N-12, band 5 is a duplicate of band 4. The five- 
band coverage can detect both volcanic and non-volcanic 
cloud formations during both day and night. 

In this paper, clouds composed of gas and ash emitted 
by a volcano are ref«ed to as emption clouds. Emption 
cbuds. imy have a conical sliape wi& an .^ex endiiiig: at die 



333 



334 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 




Figure I. Locatkm map of S0!^b-cenM Ala^ 

volcano indicating that it is still being emitted, or the apex 
may be adrift and not coimected to the volcano. An ash 
cloud is that portion of an eruption cloud containing volcanic 
ash that damages aircraft and other mechanical devices. 
Both ash and gas components of eruption clouds can be 
(fetected on satellite images, im they may not always be dis- 
tiDguisMble from each otte. 



OBJECTIVES 

The objective of this analysis is to use satellite images 
to idoitjfy and itionitor erai^on clotids, including the ash 
cIwekSs^ respoisiWe' fefte ae^'^Wttteg' of m aircraft on 1 5 
December 1^9. AVHRR im^es are used to distinguish 
eruption clouds ftom surroundii^ meteorological clouds, to 
map the trajectory and distribution of eruption clouds, and to 
detect aiid. tradk: the iJ3ovmi«mt of flje s&h ckmd-&st tbe: air- 
craft encoimtered. 

METHOHS 

SATELLITE ANALYSIS 

Three eruptions occurred on the momiRg of 15 Decem- 
her.iAOlM, 03:48, and 10: 1 5 AST. Four aMIite images 
were recorded at 03:28, 05:09, 09:28, and 13:27 AST (table 
I) and show that most of southern Alaska was completely 
covered by clouds. To iielate cloud structures to ground loca- 
tioas, the images were registered to an Albers equal-area 
ra^ projection, and geographic features were digitally 
superimposed. The values of individual pixels were 



Table 1 , Chronology of Events cm 1 5 Dc<»mber 1 989. 
[AST, Alaska Smdxi Time] 



Time (AST) Eveat 

0! :40 Eruption, 12 minutes duration 

03:28 Image: NOAA-ll; orbit no, 6505 

03:48 Eruption, 10 minutes duratioi 

05:09 Image: NOAA-l 1; orbit no, 6306 

09:28 ........Image: NOAA-10; orbit no. 16851 

10:1 5 Eniptioa, 40 minutes duration 

: 1 :45 Aircraft-ash cloud encounter 

13:27 Image: NOAA-I I; orbit no. 6311 



teansformed to temperature and albedo using coefficient 
provided with the data as described in tihie HOAA pote 
orbiter data users guide (Kidwell, 1991). Cc^&rast was 
enhanced to optimize the detection of eruptiott-rekted ps 
clouds and ash clouds. Individual bands of satellite data were 
combined to distinguish gas clouds, ash clouds, and other 
plume constituents from meteorological clouds using estab- 
li^ed ©cperimentaftechiiiqttes. Hfese iiicluaed: 

• Subtraction between bands 5 and 4 to distingtash ash 
clouds from meteorological clouds, 

• Subtraction betweffln bsmds 2 and 1 to help distinguish 
the water-vapor portion of eruption clouds from other 
plume constituents, and 

• Piiscjpd-compoaetf analysis to distinguish emption 
clouds frcan metssoBslo^cal clouds. 

Color composite images were generated using various com- 
binations of raw images, band subtractions, and principal 
o&cspc&wt images. 

Im ages that result from the subtraction of two bands of 
data may detect distinct properties of eruption clouds. The 
image that results from subtracting the two thermal inliared 
bands on AVHRR data (bands 4 and 5 on NO.AA-9, 1 1, and 
12 satellites) detects ash clouds (Prata, i989; Holasck and 
Rose, !99I). The image that results from subtracting visible 
and near-infrared bands may help to distisgiash water vapor 
^m^.(A&.^kmt.com^iKs3^,>0}^^mdQ^n, m press). 
These band-subtraction techniques were used in this analysis 
to help distinguish plume componeiits. 

The principal-component-analysis technique creates 
new images by perforratBg oocsdtete transformations that 
recognize the maximum variance is maWspectral data. This 
technique generates new im^es t«fes®i to as "principal- 
component images" (PCI, PC2, PCS, etc.). The first princi- 
pal-component image is a weighted-average picture: the 
nsnaining principal-component images are similar to pair- 
wise differences between bands (Sabins, 1987; Siegal and 
Gillespie, 1980). The principal-component images were 
used to help distinguish suMe erupti<«i-cIotid sign^ies 
from meteorological clouds. 

Altitudes of the eruption clouds were estimated by com- 
paring their tempers^ures witjj tiie temperature profile of A« 
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atmosphere. The eruption cloud, which is hot when first 
emitted by the volcano, will rise due to buoyancy but is also 
mechanically lifted by the force of the eruption. These two 
factors often prope! eraption clouds to altitudes higher than 
many cloud masses (Sparks and others, this volume; Woods 
and Kienle, this volume; Dean and others, in press) where 
they rapidly cool to the temperature of the surrounding air. 
The temperature of the upper surface of the eruption cloud is 
derived from the thermal-infrared (band 4) satellite images. 
The thermal profile of the atmosphere is derived by the 
National Weather Service (NWS) from radiosonde observa- 
tions and compared to the eruption-cloud temperature to 
determane an estimate of eruption-cloud height. These esti- 
mates are subject to errors (Woods and Self, 1992). The per- 
spective view of the upper cloud surface was generated 
based on these principles and is shown in figure 2. 

Eruption clouds have some attributes that distinguish 
them from many meteorological clouds. They are often 
higher and, hence, colder; they often have a larger albedo 
and are thus brighter; and, eruption clouds often have an 
apex starting at a volcano. A perspective view to the north- 
cast was generated to show some of these differences (fig. 2) 
based on the 13:27 AST satellite image using a combination 
of the visible (band 1) and thermal-infrared (band 4) bands. 
In this example, the volcanic plume seen emanating from 
Redoubt Volcano was not at a greater height than the sur- 
rounding clouds, even though it is shown that way on this 
image, but it was brighter due to its high albedo on the visi- 
ble-band data. 




Figure 2. Perspective view, looking approximately northeast, of 
cloud tops generated from an AVHRR satellite image of south-cen- 
tral Alaska, 13:27 AST, 15 December 1989. The plume extends 
from Redoubt Volcano to the northeast and is brighter (high albedo) 
than most of the surrounding clouds. Cook Inlet is outlined on the 
right-hand side of the figure; refer to figure 1 . 




Figure 3. AVHRR satellite image of south-central Alaska, 03:28 
AST, 15 December 1989. Suspected eruption clouds appear as 
green and red across the center of the image. The image is approx- 
imately 500 km on a side. The flight of the aircraft that encountered 
the ash cloud is shown as straight line segments in the upper and 
central parts of the figure. See text for explanation of A, B, C, D, 
and E. 



The flight path of the aircraft that encountered the ash 
cloud is shown on figures 3 through 7. Labels along the flight 
path indicate the position of the aircraft at the time of critical 
events (Casadevall, in press): 

• A — (11 :46 AST) — Ash cloud encountered at 7,600 m 
(25,000 ft), 

• B— (11:48 AST)—- Engine shutdown at 7,600 m 
(25,000 ft), 

• C— (1 1 :50 AST)— Exit ash at 6,000 m (20,000 ft), 

• D— {11:52 AST)— Restart two engines at 5,200 m 
(17,200 ft), 

e E — (11:55 AST) — Restart two engines at 4,100 m 
(13,300 ft). 



RESULTS 

The first AVHRR image (NOAA-II, orbit no. 6305), 
was recorded at 03:28 AST, 2 hours after the 01:40 AST 
eruption. A color composite image was generated to opti- 
mize differences in morphology and spectral response within 
the overlying cloud layer using PC3 as red, thermal-infrared 
band 3 as green, and PCI as blue (fig. 3). This image shows 
a cloud structure (green and red) that may be an eruption 
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Figare 4. AVHRR satellite image of socth-ccntral Alaska, 05:09 
AST, 15 December 1989. The suspected eruption cloud has an 
apex at Redoubt Volcano and appears as yellow across the center of 
the image. The iraage is approximately 500 km on a side. The flight 
path of the aircraft that encountered the ash cloud is showii as 
straight line segments in the upper and central parts of the figure. 
See text for explanation of A, B, C, D, and E. 

cloud that starts northeast of Redoubt Volcano and extends 
to the east over Anchorage and beyond, to Prince William 
Sound, south of Valcez. The suspected eruption cloud was 
presumably emitted by the 01 :40 AST eruption and appears 
to be in three segments, possibly indicating a discontinuous 
event comprised of three distinct eruptions. A subtraction of 
bands 5 and 4 was not successful in detecting the ash clouds. 

The second AVHRR image (NOAA-I I , orbit no. 6306) 
was recorded at 05:09 AST, 1.5 hours after the 03:48 AST 
eruption. A color composite image was generated to opti- 
mize differences in the morphology and spectra! response 
within the overlying cloud layer. The optimal combinations 
used the thermal-infrared band 3 as red, therm.al-infrared 
band 4 as green, and PC 1 as blue (fig. 4). This band combi- 
nation shows a suspected eruption cloud (yellow), with an 
apex near Redoubt Volcano, extending to the northeast and 
cast, beyond Valdez. The eastern portion of this cloud is 
slightly detached and may be a remnant from the 01 :40 AST 
eruption. A subtraction of bands 5 and 4 was not successful 
in detecting the ash clouds. 

The third AVHRR im.age (NOAA-10, orbit no. 16851) 
was recorded at 09:28 AST, 6 hours after the 03:48 AST 
eruption and about 45 minutes before the 10:15 AST erup- 
tion. A color composite image was generated to optimize dif- 
ferences in the morphology and spectral response within the 



overlying cloud layer with PC 1 as red, thermal-infrared band 
4 as green, and thermal-infrared band 5 as blue (fig. 5). This 
image shows a suspected eruption-cloud (green and yellow) 
northeast of Redoubt Volcano that extends beyond Tal- 
keetna and across the flight path of the aircraft that encoun- 
tered an ash cloud. This cloud does not have an apex at 
Redoubt Volcano. Two possible volcanic-related clouds 
(yellow) can also be seen south of Glennallen and between 
Talkeetna and Fairbanks. Detection of ash clouds using the 
subtraction between bands 4 and 5 could not be applied 
because these bands are identical on the KOAA- 10 satellite. 

The fourth AVHRR image (NOAA-1 1, orbit no. 631 1) 
was recorded at 13:27 AST, 3.25 hours after the start of the 
10:15 AST eruption. A color composite image was gener- 
ated to detect the plume and ash clouds using PC3 as red, 
subtraction of band I from 2 as green, and subtraction of 
band 4 from 5 as blue (fig. 6). Tnis is the first 15 December 
image that unquestionably shows a volcatjic plume despite 
the cloud layer and reveals an eruption cloud still emanating 
from Redoubt Volcano (yellow and green in the lower left 
portion of fig. 6) 2.5 hours after the end of the seismic event 
defining the 10:15 AST eruption. This plume trends north- 
east and east, ending just short of Anchorage, and is brightest 




Figure 5. AVHRR satellite image of south-central Alaska, 09:28 
AST, 15 December 1989. The suspected eruption clouds arc green 
and yellow features that extend from Redoubt Volcano to Glenn- 
allen. The yellow features across the upper third of the figure may 
also be volcanic emissions. The image is approximately 500 km on 
a side. The flight path of the aircraft that encountered the ash cloud 
is shown as straight line segments in the central part of the figure. 
Sec text for explanation of A, B, C, D, and E. 




Figure 6. AVHRR satellite image of south-central Alaska, 13:27 
AST, 15 December 1989. The eruption cloud (light green) has an 
apex at Redoubt Volcano and extends to Anchorage. The asfe clouds 
(purple), which are south of Fairbanks and Delta Junction, may 
have been involved in the aircraft encounter. Tne imago is approx- 
imately 500 km on a side. The flight path of the aircraft that encoun- 
tered the ash cloud is shown as straight line segments in the central 
part of the figure. See text for explanation of A,B, C, D, and E. 



Figure 7. Artificially integrated satellite image that shows all of 
the possible eruption clouds on 15 December 1989. Colors desig- 
nate the image from which the eruption clouds wore extracted: 
green, 03:28 AST image; red, 05:09 AST image; blue, 09:28 AST 
image; yellow, 13:27 AST image. The fnghtpathofthe aircraft that 
encountered the ash cloud is shown as straight line segments in the 
upper and central parts of the figure. Sec text for explanation of A, 
B, C, D, and E. 



on the band-2-minus-band- 1 image, suggesting that its com- 
position is something other than water vapor (Dean and oth- 
ers, in press). To the north, near Fairbanks and Delta 
Junction, two clouds (purple and pink) were observed in the 
band-5-minus-band-4 image, suggesting that they are com- 
posed of ash, as indicated by the signature generated by this 
band combination (Praia, 1989; Holasek and Rose, 1991). 

DISCUSSION 

GROUND ASH DISTRIBUTION AND 
ERUPTION-CLOUD TRAJECTORIES 

To show more clearly the scenario of events on 15 
December 1989, a summary image was compiled that inte- 
grated all of the "eruption clouds" observed on satellite data. 
The maximum extent of these clouds was extracted from 
individual images and transferred to a cloud-free reference 
image (fig. 7). Colors designate the image from which the 
suspected eruption clouds were extracted: green, 03:28 AST 
image; red, 05:09 AST image; blue, 09:28 AST image; yel- 
low, 13:27 AST image. This integrated image shows that 



three of the four suspected eruption clouds have an eastward 
trajectory and that there is a northward progression in the tra- 
jectory of the early-moming eruption cloud, a northeast 
trend at 09:28 AST, and a northeast to eastward trend at 
13:27 AST. 

The predominantly eastward trajectory of the suspected 
eruption clouds docs not agree with the distribution of sur- 
face ash collected by the U.S. Geological Survey (Scott and 
McGimsey, 1991). Surface ash deposited by the 15 Decem- 
ber 1989 eruption is found northeast of Redoubt Volcano, 
not to the east, as the eruption cloud seen on the images 
would indicate. This suggests that cither the suspicious 
clouds are not volcanic or that, as the ash falls from the 
plumes, it is swept northward by winds at a different altitude 
and that the clouds seen on the images do not contain ash. 
The elongated shape of the clouds with apexes at Redoubt 
Volcano (possibly two of four suspected plumes), geo- 
graphic position, soft texture, and spectral signatures of these 
cloud structures indicate that they may be plumes, although 
absolute quantifying data is not available. 

The second explanation is possible because winds 
below about 7-km altitude are to the north; at 7 to 12 km, the 
winds are to the northeast; and at 1 2 to 28 km, the winds are 
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to the norAeast and east (03:00 AST, 15 December 1989, 
Aachorage radiosonde dMa), Ipie wind directions indicate 
that the ash is ia the fc«^iak:inass.(l>elow 7 km) and is i^g 
swept norfhward, wIksmsb ^ €a^f^fe« <d€^t:.»«a <m iie 
images are in a hi^er air mns& ssd are beiE® tcmspo&sA 
northeast aad east 



AiaCRAFT-ASH CLOU© ENCOUNTER 

Redoubt Volcano erupted three times during the morn- 
ing of 15 December 1989: at 01:40, 03:48, and 10:15 AST. 
M mi& to iffentify which ©k^Mor clmd v/m involved in the 
enc<»inter with the jumbo jet, we . compare the velocity 
required to transport an ash cloud from Redoubt Volcano to 
rtie site where the enixjunter occatred to tJje wind velocity 
and direction obtained from radiosonde data from Anchor- 
age International Airport. The required azimuth from 
Redout yob;a» h approjiiwady 4(>*, ^ &Kiomter 
occurred at an altitude of 7.6 km (25,000 ft). 

The 10:15 AST eruption occurred 90 minutes prior to 
the aircraft-ash encounter at a point approximately 280 km 
northeast of Redoubt Volcano (Casadevall, in press). Based 
on these conditions, the ash cloud requires a velocity of 55 
m/s to reach fee site. Hie wind at 8 km altitiKie has a vdodty 
of 55 m/s and a heading of 47° (15:00 AST sounding, i5 
December 1989, Anchorage). Thus, measured wind param- 
Qtm chsdy ccsrdtote vMi iie t!S«^ort of se^ etniasd by 
the 10:15 AST eruption. 



ASH CLOUD AT FAIRBANKS AND DELTA 
JUNCTION 

The 13:27 AST AVHRR image (fig. 6) shows two ash 
clouds near Fairbanks and Delta Junction, approximately 3 
hours after the 1 0: 1 5 AST eruption. One or both of these ash 
clouds irny be the one that the aircraft encountered near Tal- 
keetna, 1 .75 hours earlier. Back-tracking of cloud movement 
using wind data from Faiitjasks atm<^pheiic scmndiDgs were 
used to test this hypoth^is. 



THhe airoraft encountered ash at 7.6 km (25,000 ft) alti- 
tude (point A, figs. 3-7), 200 km from Fairbanks and Delta 
Juacticai. Teffipmtare-heigte correlations of the cloud in the 
Faitbaaks area range firom !.5 to 7 km (5,000 to 23,000 ft), 
and the height of the Delta cloud range from 2.5 to 13.5 km 
(8,000 to 44,500 ft) (15:00 AST sounding, 15 December 
1989, Faitfeanks). The range of heiglas of the dmd at Delta 
Junction spans the height of the encounter, and the ^p^r 
height of the cloud near Fairbanks is slightly lower. 

To transport the ash clouds from point of the encounter 
with the aircraft, to the Fairbanks and Delta Junction area, a 
velocity of 32 m/s and a northeast-blowing wind are 
required. Veioctty cdcuktions based on grotind reports of 
ash fall arc 31 m/s and show a northeast direction of move- 
ment (R. McGimsey, oral commun., 1992). 

MeteoroIo^caJ m^Kiirements indicate that wind direc- 
tion at aj^mximaiely 7-kin altitude would move fee ash 
cloud tim tl» mcmfy mcmi^Tsd to either the Faiibanks or 
Delta fcticticffi iKsssti^ati. WiBd^*' fea*^a!titt3i4e'te w^-^dtacky 
of 31 m/s, with the wind blowing to the northeast. It does 
appear feat either or both of these ash clouds were involved 
in fee ainaaft encounter, ahhoiigh the height of fee cIoikI 
near Fairbanks is sJightly lower than fee altitude of the 
encounter. 

Ground saffi|rfes of ash from feese ash clouds collected 

in the Fairbanks area had a mass of 0.1 g/m^ (C. Nye, oral 
commun., 1991). Approximately 85 percent of the ash parti- 
cles feat Ml ftotn ^ D^a JonCtion cloud were in fee 
0.0039- to 0.0625-mm size range, based on two samples (R. 
Combellick, oral commun., 1991), and were composed pre- 
(fominanBy of very angular glass and plagioclase (C. Nye, 
oral commun. , 1 99 1 ) . The glass shards made up greater than 
75 percent of the total ash weight. 



CONCLUSIONS 

The 15 December 1989 eruption of Redoubt Volcano 
resulted in a near-fatal encounter of a jumbo jet passenger 
aircraft (Boeing 747) with the ash cloud from the 10:15 AST 
eruption. Despite fee almost total cloud cover over south aad 
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central Alaska, eruption clouds were observed on several 
satellite images. However, tihe position of fee clcaidbi seaB on 
the images did not always agree with ground observations of 
fallen ash, probably due to height differences between fte 
^ «Hnpoj8^ md gas comixjseat of tte enqrtion cloed 
(aad file airmasses that transported those parts). A technique 
of usiog multiple thermal bands to distinguish ash clouds 
from other clouds was successful on only one out of iiree 
possible images (fig. 6). This image, recorded at 13:27 AST, 
detected ash clouds near Fairbanks and Delta Junction. One 
or bo& of 2dh cloads were very likely mvolved in the 
aircraft encounter at 1 1 :45 AST. 

Validation analyses of ersBption clouds observed on sat- 
ellite images have been minimal. It is not known how opac- 
ity, plume composition, particle size, and particle density 
affect the signatures observed on the satellite images. A 
tikorough un^rstandit^ of these factors woidd agaificanfly 
improve the utility of satellite images f©r teaddn^ aad mtm- 
itoring eruption clouds. 
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GEO-TOMS: TOTAL-OZONE MAPPING SPECTROMETER FOR 
OZONE AND SULFUR-DIOXIDE MONITORING 

FROM A GEGSTATIOKARY SATELLITE 

By Ulli G. Haitmann, Robert H. Hertel, Herbert A. Roeder, and J. Owen Maloy 



ABSTRACT 

GEO-TOMS is a proposed ozone and sulfur-dioxide 
rapping spectrometer designed to fly on a geostationary sat- 
ellite platform. It is an adaptation of tihe Nimbus-7 total 
ozcme mapping spectrometer (TOMS), that is capable of 
ffiaagisg the whole Earth on a charge-coupled detector 
(CCD) array. The instrument will piovidte 12.2-km spatial 
resolution at nadir and will provide a complete multiband 
image every 10 minutes in 6 to 12 wavelength bands. Based 
on tte perfoimance of the Nimbus TOMS, GEO-TOMS will 
be capable of detecting volcanic eruptions and plumes and 
monitoring their progress in near real time, providing early 
warning of volcasic hazards to aviators aiui others. 



INTROBUCTION 

Eruptions pose a hazard not only to people living 
nearby but also to aircraft and p«)ple is &e pafe of ash fell- 
oat. Volcanic sulfur dioxide (SO?) is an important compo- 
nent in volcanic plumes, and satellite-based instruments 
sensitive to sulfur dioxide can detect volcamc eruptions from 
space. Satellite weather instruments that respond primarily 
to teajpemture differences and cloud cover arc not nearly as 
sensitive for (fetecting volcanic clouds as instnimeals that 
are sensitive to sulfur dioxide (Matson, 1984). 

The total ozone mapping spectrometer (TOMS) was 
launched on the Nimbus-7 in 1978. The instrument monitors 
the state of the Earth's protective ozone layer by mapping the 
global ozone. TOMS measures sunlight reflected from the 
atmosphere at six wavelengths near the edge of the strong 
ozone absorption Imd in the idttaviolet. Stronger absorption 
at shoTt» wavelengths indicates a higher ozone c<mcentra- 
tion. TOMS has provided extensive and frequently cited data 
OS the gradual deepening of the Antarctic ozone hole. la the 
years of operation of the first TOMS on the Nimbus pdar- 
orbiter, users of TOMS data found that it had other unex- 
pected capabilities and uses. TOMS not only m^s ozcHie 
accuiatdly, bttt it also can <ktect timimts in total ozone and 
stilfiB- dioxuie tmi: vokanic pltim«s ov^ laige d^aiK^ 



(Bluft and o&ers, 1992; Kiueger, 1983, 1985; Kraeger and 
others, 1990, this volume). 

TOMS can detect SO2 because this gas has an ultravio- 
let absorption band in the same wavelength region as ozone. 
The Nimbus-7 TOMS has detected 37 volcanic eruptions 
since 1978, including the SO2 cloud from the Wsj 18, 1980, 
eruption of Mount St. Helens as it drifted across fee United 
States (Kerr and Evans, 1987; Krueger and others, tlus vol- 
aae). Aa instrament tto jost^ures atmospheric ozone from 
space can also observe ozone discontinuities produced by 
severe storms and jet-stream wicds ai»i is p(^tiaUy useful 
for warning aircraft of (ki^ffirous fii^t conditions (Shapiro 
and others, 1982). 



NEED FOR GEOSYNCHRONOUS 
OBSERVATIONS 

At a conference for users of TOMS data held at God- 
dard Space Flight Center (GSFC) in 1986, the scientific con- 
tribatois i<feiUified several us»s for l^fimbus-7 TOMS data 
beyond the daily ozone-rrjapping function. Some of these 
uses require observation of iie Earth with higher time reso- 
lution, such as half-houiiy or better. Table 1 lists the require- 
ments for the principal time-critical applications (adapted 
from Scfaenk, 1987). 

Measurements from a polar-orbiting satellite provide 
only one or two observations of the globe each day, not 
enough to provide a useful early-warning capability. Stoaiier 
eruptions may be missed by a single polar-orbiting satellite 
because the plume can be dispersed in less than I day. Many 
instruments would i» needed in low-altitude polar orbits to 
provide safRcient time resolution. On the oliffiF hand, only a 
few instruments in geostationary orbit at an altitude of more 
than 35,800 km can provide a worldwide operational warn- 
ing and ffifflnitoring ttetwork. For a geostationary TOMS to 
be folly useful, the ground resolution at nadir should be in 
fee 1 0-30-km range (i.e., better than the 50-km resolution of 
the poiar-orbiting TOMS). The time r»solutiot} diould be at 
lea^ 30 imBUtes. 
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A geostationary version of TOMS must either scan or 
image the entire Earth. Some ozone-detection capability can 
be obtained through use of a filter photometer following the 
aaia iniaed <md visible EaA. maimer of a meteorological 
satellite. 1i» ^^ility aad sensittvfty of a filter system is 
imlikely to meet the (psmtitative specifications required for 
d^ecting volcanic plam^. In addition, iie scan time is 
longer tiban 10 minj«es. A resolution of 10 km mplies an 
image with more than 1 million pixels. From a signal-to- 
noise aan(%>oint, it is better to scan the few wavdeng& 
bancfai \md tei to sam so mmy pixels. Has considemtton 
led m to stxdy m mi^mg spectx(me^ c^ed GBO-fQMS. 

We presented a pK^mtnary version of the GEO-TOMS 
design in 1986 (Krueger and others, 1987), and, since then, 
we have fiather refmed tibe design. No prototype has yet 
he&n Wilt, however. ITie main goal ia th& GEO-TC^S 



iyw«2. OHig«tttoaofTC^Sa!^<^0-TOMS^»ctol8adradk)m«trfci'^ 

{TOMS, sotaj aatm-m^ttg spee«aB««r, Hw CK5-T0MS, in geostaiansuy ort>j^ tes swEfiiBt ^p««3rt asd is^obwiw teiftm- 
matis to has a imalier Seld of new aid toager chsayiag tiine per pixd. TOMS FM- 1/2 is ^ (dgisai TOMS design; TOMS 
fWiiA hm ifi^ved desiga. d^, de^ms; am. imximm; H/S, sot Jipt^bd} 



Oesi|7> reqaimttatt 


rom 


TOMS 


mo. 


UtBtS 




FM-!/2 


BM/4 


rom 




General requirements 


Olsming tme per wavelengfli band 


0.014 


0.010 


50 


s 


Hnid size, si 8ai&' 


50x50 


50x50 


12.2 


km 


Pixels per fieM-of-view 


I 


1 


1,024x1,024 




pixel size (squaxc) 


3x3 


3x3 


0.02x0.02 


deg. 




3x3 


3x3 


20x20 


de§. 


Spectral T' 


ccKircmcnts 








Wavelength range 3 


^12.5-380.0 308.6-360.0 308.6-360.0 


nm 


Spectral bandpass (full-width at half-max.) 


liO.I 


1+0.3-0.0 


1+0.3-0.0 


sm 


Wavelength accuracy (X<^ am, IS'-SST) 


0.05 


0.1 


O.I 


sm 


Waveifflglh calibration aiicKiracy 


m 


0.005 


0.005 


ran 


Wavek»gfc staMlity/re^tability 


0.02 


0.(»5 


QMS 


nm 


Wave&sagfe israitOTrig caj^bility 




0.01 


0.01 


nm 


Kadiometric reqsMrcmcnts 


PnU-scale radiasce 




5<K) 


sm 


W/<m^-sr 


Maximum radiance 


320 


400 


400 


W/cm'-sr 


Minimum radiance 


0.32 


0.4 


0.4 


W/cm^-sr 


RacSoaMtric resolution 


1.0 


0.2 


0.2 




MiaiimraHMfaKse signal-to-noise ratio 


30^ 


30^ 


30^ 




Signal dyitasoHC range 


1.56x10^ 


6.25x105 


6.25x105 




R^<amtric repeatability 


N/S 


Q.m 


0.2 


%/hr 


Detector stability 


5 


5 


5 


%/yr 


Radiometric linearity 


2 


1 


2 


% signal 


Spectral stray light 


1000:1 


0.5 


0.5 


% signal 




!«S 


0.1 


1 


%S!gnal 


R^^Eal polarization sensitivity 


5 


5 


5 


% 


E^teiSajKK calibration capability 


m 


0.1 


5 


%/yr 



' Goal is VX>. 



Table I. Applications requiring geostationary orbit. 

[Achieving high temporal resoltKion and global coverage requires many iastmjnents 
in bw-ahitudc orbi: bia only a &w is geostadtemy nbit, les., lesoUoa. Ada^pted 

fsxm SchsxikCi9S7)i 



Phenomenon or Tesngpearai tas. Spatial res. 

feature (maailes) Qdlometers) 

Hwricaaes 

Eye 5-10 S-IO 

Environs 30 10-30 

Ccmvection-environment 

interaction 5-!0 SlO 

Jet streams 10-30 10 

Volcanoes 

First 12 hours 5-10 5-10 

After first 12 hours 30 30 

Full Earth-disk coverage........30.................. 10-30 
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design has been to develop a baseline for a future operational 

mstnments by providing near-real-tiine global imaging 
capability while still meeting the stringent TOMS perfor- 
mance specifications. Table 2 lists the design requirements 
for the oxigiaal TOMS (FM-l/2), the new in^roved TOMS 
(FM-3/4), and GEO-TOMS. 



GEO-TOMS 

GEO-TOMS is m ozone and sulftir-dioxide mB^ng 

instrument specifically designed to fly on a geostationary 
platform. GEO-TOMS will be a new member of a femily of 
alr^^-proveji instruments that map satmospheric ozone dis- 
iriinitton by measuring the solar ultraviolet radiation back- 
scs^tered ftom the atmosphere. The first member of the 
femily was flie backscatt^ed ultraviolet instmnwnt ^UV), 
launched in 1970 on Nimbus-4. The solar/backscatter ultra- 
violet instrument (SBUV) and the total ozone mapping spec- 
tKMR^er (TOMS FM-I) wem l^m^ed m a co:^i»ed 
package on Nimbus 7 in 1978. These instruments demon- 
strated exceptional life: 8 years in orbit for BUV and 
SBUV — TOMS continues to opess^ after more than 15 
years. Later versions of the spectrometer include the SBUV- 
2 series, flying on National Oceanic and Atmospheric 
Administration (NCAA) satellites, and TOMS FM-2, 
launched on a Soviet Meteor satellite in August, 1991. Per- 
kin-EImer is building a new version of the TOMS sensor to 
fly on the 3i^m&s& advanced Earth observing satellite 
(ADEOS). 

The design of such instruments must provide solutions 
to several ^haical i«oU«bis. H«e is how *e GEO-lX)MS 
design solves principal pn^Ioas: 



!W)i«»s Solutions 

Light collection Lcag otserving time (10 miaates). 

ParaJlW obsenwtioK of ali pstds. 

Wavelength stability 

aadresolutios DifSraction-grating spectrometer. 

Cam-drivsai gratiio^ positioning 
mechanism. 

Unwanted (stray) 

light rejection Visible-light-absorbing coatings. 

Hi^b^aality grati^. 

Image readout 

and processing On-board microprocessor, 

lar^iiWBa^. 



GEO-TOMS uses the technology of both SBUV and 
TOMS but images the whole Earth disk onto a silicon-array 

detector in one wavelength band at a time, without a spatial 
scanner. A diifraction ^tisg rotates to select &om six to 12 
wavelength bmds for imaging, as in the Nimbtis-4 BUV, the 
Nimbus-7 SBUV, and SBUV-2. The wavelength bands will 
be selected to optimize both ozone and SOj detection. The 
proposed wavelei^tih-scanning mechanism is essentially the 
same as the ifflstor-driven mechanical cam proven on BUV 
and SBUV. 

Figure 1 shows the optical layout of the GEO-TOMS. 

The field of view is 20°, so that the whole Earth is imaged at 
one time. The optical design is similar to the original TOMS 
except that tlrere are two parabolic colMmating mirrors 
instead of one spherical mirror. Optical ray traces show that 
a single mirror will not provide the needed image quality for 
the wide field. Light reflected from either the atmosphere or 
a calibration diffuser passes through z depolarizer and enters 
a diffraction-grating monochromator. Light from the grating 
passes fiirou^ a single exit slit onto a 1,024x1,024 charge- 
coupled detector (CCD) through an optical system that cor- 
rects monochromator aberrations. A shutter provides optical 
zeroing. As in the previw2s instruments, in-flight wavelength 
calibration will use a mc^ury lamp. 



Figure 1. GEO-TOMS optical layout. The ©^ing spostrometer 
coHimates and diffracts light reflect from *e Bsrthi, feming an 
image of the entire Earth in one narrow-wavelength band at a time 
on the charge-coupled detector (CCD). The diffraction grating ro- 
tates, knaging the Earth at different wavelengths to determine Ae 
amounts efosxm and sulfur dioxide in fte scene. A movable scene 
mirrrar permits the instttKaent to view &e calibration dj^war. 




344 VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 



With such faint signals and high spectral resolution, the 
rejection of radiation at unwanted wavelengths, or "stray 
light," must be excellent. GEO-TOMS needs a high-qiiali^ 
grating like that used for the newer TOMS models, because 
stray light increases when only a small part of the grating is 
used fi>r esxb pixd. To reduce stray light, the GEO-TOMS 
wil w& msmm &Med to m&ect. iiie ultiaviolet, but not the 
visiWe ra&aAm. 



DETECTOR SELECTION 

The. islteaviolet seasitivity of CCD detectors has now 
advastced s«l!ldesdy s» tl^ such ^stsxAom can be plamed 
on for GEO-TOMS. The use of a single, stable silicon CCD 
detector reduces drift problems. Reading out the image often 
enough to prevent saturation permits covering the wide 
dynamic range. Shielding will be used to prevent damage 
from charged particles. Even though the current design plans 
oa an alteavioiet-sensitive CCD detector, the GEO-TOMS 
cornet does not depend on the availability of such a detec- 
tor. Hie Voyager ultraviolet spectrometer observed the 
atmospteres of the outer planets using a silicon-array detec- 
tor wifii a miciochannel plate for ultcaviolet iai^e intensifi- 
cation. Since ften, many such detectors have besi febricj^d 
using higher resolution arrays. These are commercially 
available for qpace use wifli integrated detector aaays md 
fiber qjtics. 



Because it is not necessary to cool the detector to cryo- 
gmic temperatures, a simple passive r^is^r cools the CCD 
detector to -40°C to reduce leakage current. There is evi- 
dmtiy a weight and cost optimum, because a large instru- 
ment needs no cooler, whereas a small instrument must have 
a iaj(ge cooler. As a baseline, we have made the monochro- 
mator ^ sseim me dsm&t& pmieM TOMS, but this dioice 
does not necessarily providb ^e minimum weight or cost 



LAYOUT 

The bsffidine mechanical Izycmt afqjears in %«ire 2. The 
mirrors will be mounted on lapped surfaces, as for TOMS. 
The rigid structure keeps the pixels in place on the detectors 
and assures the required wavelen|^ st^ility. The mono- 
chromator and other optical components and mechanisms 
form an assembly that is mounted inside the housing. The 
stiff box structure of the mount incorporates the electronics 
as a stei(«tiral element, providing part of the stmctural rigid- 
ity and redadng weight Om sde ci ^ tretramert ccratinu- 
ally fec«s Borib, iie oppose ^:de fe!€s ^snA. These 



sides provide locations for thermal radiators with a 
continuous space view. Separate radiators cool the detector 
(-40'C) and the electronics (+25°C>. Hje d^c^r temfjOEa- 
twe mil be related by a smai! bs^. 



ELECTROmCS 

GEO-TOMS is iiMtinly a (%ttal in^^j^jmrmt wift few 
critical analog circuits and, therefore, does not need most of 
the sophisticated electronics components required for the 
polar-orbiting TCMS instraiJirats. The instroment contains 
an image processor with a sepamte micioprocessor for inter- 
facing and control. 



DATA RATES 

The noon data rate for the GEO-TOMS is about 409 
kbits/s at maximum spatial resolution. This rate is compara- 
bie to Q&or gef^^btoBty im^^g iie^nnnents. Ott-boasd, 



Figare 2. GEO-TOMS mechanical arran^ssesst. The monochro- 

mator and scanner mounts into a frame that also supports the elec- 
tronics assemblies. The instrument views the diffuser through a side 
pott 
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real-time event processing with detection of affected region 
with datetkm of amstwestii^ <bta cmld reiace die real- 



MFFPSER CAMmATl<m 

CMit)i:«ion of the GEO-TOMS wUI me teclmiqii^ bor- 
rowed from TOMS, SBUV, and SBUV-2, iacorporating the 
benefit of the inqjroved diffuser Systran as«i in later instm- 
raejts. All i^Kkssatters^HByitravioIrt mtoBSEas, fecladstg 
TOMS and GEO-TOMS, measure the reflectance of the 
atmosphere. The absolute radiance is sot of primary interest. 
The fellectence standanl is a (fiffiise-reflecisg plate, or dif- 
fiiser, periodically exposed to sunshine and viewed by the 
instrument. So far, nothing surpasses the stability and unifor- 
mity of the simple, ground aluminum plate originally ased 
on the first BUV instrument that was launched over 20 years 
ago, although the plate's reflectance declines with prolonged 
exposure to the mm. Tbe diffiiser calibration employs an 
ultraviolet light source to compare the reflectance of a pro- 
tected reference diffuser and the active diffuser. The light 
som«e it^f us^ds to be stable only during the com|«Bis<m. 
By tEsing more tiian me diffuser, the effects of san exjwaire 
and vacBom ®tpc«(ae cm be dii^ntei^ied. Althcrngph less 
elaborate than the diifaser-calibration systems used in 
TOMS instruments deigned for quaatitative mailing, tfee 
GEO-TOMS system ^mM he adb<pate for transfeit 
racing. 



RESULTS 

Our design study shows that the GEO-TOMS concept 
is feasible. Optical ray-trace results demonstrate that such a 
wide-field monochromator will work as an imager. The 
width of the nadir point-spread function is snaller than the 
desired resoluticA. Thus, the detectability for a point source 
is ahnost the saim s»s for a cloud seveial pixels across. The 
iriierent GEO-TOMS spectral resolution is somewhat better 
than 0.7 nm full-width at half-maximum and meets the 
TOMS specification. Secm^ «;h pmel uses oniy a simli 
part of the grating, the inberetit resolution is comparable to 
the desired resolution and varies somewhat over the field of 
view. The longer integration time and larger enteance ^per- 
tore coBtpeEissae for fee r^ced solid angle of the field of 
view in tibe GEO-TOMS, as compared to the existing TOMS 
aboard Niml»is-7. The estimated signal-to-noise ratio of 
GEO-TOMS Is 40: 1 at mmfflnimn radia^:!e, aboat the same as 
the Nimbus TOMS, including the effects of space radiation. 
This estimate assumes the use of 12 wavelength bands and 
^ ssBue SO-seccffld integrum time fos eaKih wsveleag&. In 



practice, exposure time will be optimized for each wave- 
ieo^ depaoding on cuneat d<std md H^tisg <»aditioas. 



CONCLUSIONS 

Imaging of ozone and sulfur dioxide in the upper atmo- 
sphere from geostationary satellite orbit can provide early 
w^ntg and mcaiitoring of volcanic evaits and severe 
storms for the benefit of aviators and others. GEO-TOMS is 
a proposed geostationary instrument, based on the proven 
polar-od>iting TOMS, tiiat can |»ovide tius InaagEig capabil- 
ity by detecting backscattered solar ultraviolet radiation. 
Analysis of the GEO-TOMS design has shown that the 
insttum^ ccHScqpt cm provide am-Teal-^ms maps of 
ozosx aid di<»cidb. 
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SEISMIC IDENTIFICATION OF 
GAS-AND-ASH EXPLOSIONS AT 
MOUNT ST. HELENS-CAPABILITIES, 
LIMITATIONS, AND REGIONAL APPLICATION 

By Chris Joniwitz-Trislex, Bobbie Myers, and John A. Power 



ABSTRACT 

Since 1980, JHi%sis of seismic signals iworfed by tihe 
University of Washington (UW) and U.S. Geological Survey 
(USGS) Mount St Helens seismic network have been ana- 
lyzed and coirelated wlgi observations made by field crews, 
pilots, radar operators, and the general ptibiic. These analy- 
ses have led to the development of criteria that enable iden- 
tification of most kinds of seismic svmts ttiat occur at Mouat 
St. Helens. These events include gas-and-ash explosions, 
volcanic earthquakes, volcanic tremor, rockfalls, debris 
flows, dome-building eruptions, and many types of mam- 
made seismic noise. Identification criteria are based on com- 
parison of signal envelope, dominant frequencies, and rela- 
tive amplitudes aiKi timing among stations. 

In general, gas-and-ash explosions (vigorous ventiag 
of steam and (or) other gases and volcanic ash) 'af Mbiiirt 
St. Helens are characterized by emergent, low-frequency 
fflgaals of exteii<W duration, often with pulsafang ampli- 
tude changes. The signal amplitudes from stations m the 
crater are much higher than those from stations on the vol- 
cano's flanks. The amplitudes from different flank stations 
ase approximately e<pa!. 

Several factors may complicate signal identification. 
These include: (1) evolution of the volcanic system with 
time, (2) merh^ oi signals that are xecorded close tog^feer 
on i^ismograsms, and (3) the temporary loss of data from 
sta&ms. Nevfirfheless, we have had considerable success 
id^Btiffying ex0osioi» witihan minutes of their occtitkicc. 
The criteria used to identiiy gas-and-ash explosion signals at 
Mount St. Helens and the techniques used to develop those 
cdteria provide a foundation f<x signal idetitiflcadon at oflter 
active volcanoes. 

INTRODUCTION 

Alfeough Moutit St. Helens is the only Cascade vol- 
cano to have erupted while the Washington-Oregon 
te^mal seismic network (%. 1) has been in operation, 



there are about a dozen potentially hazardous volcanoes in 
the Cascade Range. This volcanic chain stretches from 
6riti± Columbia (Hickson, this volume) southward 
through Washington and Oregon and into northern Califor- 
nia. The proximity of tiiese volcanoes to airports (fig. 1) 
means that any aircraft operatii^ in the Pacific Noriwest 
could be at risk from volcanic ash in the air or on an airport 
surface. This risk is regional because an ash cloud erupted 
from any of d» Cascade volcanoes can drifl in the diiection 
of the wind for hundreds of kilometers. 

On May 18, 1980, the eruption plume from Mount St. 
Helens climbed to approximately 60,000 ft (I8,3(X) m) 
within 10 minutes of the start of the eruption (Rosenbaum 
and Waitt, 198i), The ash plume spread rapidly eastward, 
passing Yakima, Wash. (135 km <fownwind), I horn l^t 
and reaching midcontinent by the morning of May 19. 
Heaviest ash fall occurred in eastern Washington (Sama- 
Wqjctokt and others, 198 !). Tbs ash plume disrupted air traf- 
fic throughout the regi<m, and hundreds of commercial oper- 
ations in eastern Wasisii?gton were canceled owing to 
acaimulations of ash on airport surfaces (Schuster, 1981). 

The May 18 eruption clearly demonstrated how major 
volcanic activi^ can affect air traffic. But even small, short- 
lived, gas-and-ash explosicms can create a iiazard for airports 
and air traffic within the approach and departure paths to 
major metropolitan areas such as Portland and Seattle. Him- 
drois of gas-airi-ash explosions have occtawd ^ Mount St 
Helens since 1980. These varied in size and intensity from 
minor events, in which small amounts of steam and entrained 
a^ rose le^ Aan l,<KX) ft sJjove fte dome (to approximately 
6,800 ft above sea level), to energetic events that generated 
large ash plumes, which rose as high as 20,000 ft above the 
dome. Mixm ash SMl ima' evetjfis was reported as far 
as 100 miles (160 km) downwind. 

The seismic and volcanic activity at Mount St. Helens 
since 1980 has provided an ideal opportunity to make real- 
time or near-reai-t:™.c correlations between seismicity and 
field observations. From these correlations, criteria for 
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PASSIVE, TWO-CHANNEL, THERMAL-INFRARED 
IMAGING SYSTEMS FOR DISCRIMINATION 
OF VOLCANIC ASH CLOUDS 

By Fiank R. Hcsiey 



ABSTRACT 

The National Oceanic and Atmospheric Administra- 
tion's advanced very high resolution radiometer image data, 
recorded and displayed in Perth, Australia, in June 1982, dra- 
matically demonstrated a capability for satellite observation 
of the volcanic ash from the eruption of Galuaggung Vol- 
cano, Indonesia. Analysis of the data, tesed on an under- 
standing of the spectral-emissivity properties of silica-rich 
materials, and of water clouds, resulted in discrimination and 
display of the ash cloud over a period of several days. 

Interest in the techniques that were used for this dis- 
crimination procedure led to the proposal in 1982 of a pas- 
sive, two-channel, theimal imaging system that could be 
mounted in an aircraft. Di^Iay of the fflah^ced date fiom the 
proposed imaging sy^em coijld be maWplexed into exis&ig 
aircraft avionics and could alert the crew to the presence of 
silica-rich materials in the iigto: path over raijges ijp to or 
«>ceee<fiBg W^km, wmsmg a ctear-litje of sight, flie initial 
instrument design is discussed, and several improvements on 
tie caiginal concept and limitations to the application of such 
m. isstrameitf are ootliin^d. 



INTRODUCTION 

Encounters of aircraft with ash plumes from volcanic 
eny>tio!B iave caused coimderaMe damage m&, m several 
cases, have had near-fatal consequences. The development 
oi sensors for the detection of hazardous materials and o&er 
atmos|*eric f*«a<mfflBa fe fee fligbt paths of aircraft is 
assuming a high prk>ifty for agmcies involved in enhandng 
aviation safety. 

0{^>oftuiHstic lecoiding of <fea from fte pdsr-c^bit- 
isg satellites of the National Oceanic and Atmospheric 
Adnsintstraiicm (HOAA) at the time of the eruption of 
(MtK^gimg Vokaiso in fodoi^a 'm Jte» 1982, and the 
subsequent development of enhancement and display pro- 
cedures, enabled a positive discrimination of volcanic ash 
3!id d«st clo@ds from normal water and ice clouds. This 
ies«»idi also provided an indication of the requitments for 



geosynchronous satellite sensors with appropriate thermal 
infixed cfetnnels and led to the proposal of a passive, two- 
channel, thermal-infrared imaging sensor that could be 
mounted in aircraft to alert the crew to potential hazard, 
with sufficient time to teke nonviolent, evasive maneuvers. 

The enhancement and discrimination procedures devel- 
oped were based on an understanding of the spectral emis- 
sivity properties of silicate minerals expected to be present in 
the dust and ash plumes. Subsequent modeling by other 
workers using )radi^ve-trai!sfer theory provided as dtema- 
tive mechanism to explaining the spectral discrimination 
(Prata, 1989; i^ta and Barton, this volume). 



SATELLITE DATA COLLECTION AND 

ANALYSIS 

The NOAA satellites SKe aear-polar-orbitiiig Oiviroa- 
mental aad-meteorological sartto-featwe o|«f^<!by &e 
U.S. Department of Commerce, National Oceanic and 
Atmo^heric A<taiijistration (Sabins, 1987). In general, two 
satellites are q)eratioaal at any one ftne, giving a potential 
for coverage of an area four times per day (twice during day- 
light hours, twice during the night). In practice, however, 
ftiete are gaps in coverage of any location due to the orbital 
characteristics of the spacecraft. 

The advanced very high resolution radiometer 
(AyHRIl),:S«is<H: <»a„:jJje,:l^^A.^ sateli^,series, feas five ^>eo- 
tral channels, with wavelength ranges of 0.55-0.68, 
0.725-1.1, 3.55-3.95. 10.5-11.5, and 11.5-12.5 ]xnx. The 
ground spatial !«soliition of the sensor is !.! km. Data are 
transmitted and recorded to lO-bit precision, providing suf- 
ficient dynamic range to accommodate targets ranging from 
sea SBil^ces to dbuds and sbow. 

In late 1981, data from the KOAA-7 AVHRR sensor 
were being recorded on an irregular basis under a joint 
research effort between the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) and the staff 
from the Western Australian Institute of Technology 
(WAIT) (now Curtin University of Technology). The 
CSmO/WAIT team had developed a Ipw-cost satellite 
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TWO-CHANNEL THEMMAL- 

The infrared imaging sensor proposed to Aastraiian 
aviation authorities in 1982 comprised an optical window 
transmitting in the I0-!2.5-um region; scanning optics; dis- 
persion optics to split out the 1 0.0-1 1.O- and 1 !.5-12.5-|im 
regions; infrared' catsara c^tkis; «»led isfered detecKas; 
anplificatioB, data *>fs^e, saKlysis, and dis^sky hardware; 
and m irtarfkse to sarcraft avionics to enable tiie pilot and 
crew to view flie iins^iy. The estimated maximum weight 
of the imaging sensor was 25 kg. The aiB|>l}ficatiGB, stor^e, 
analysis, and di^lay etebtSsiHcs, togetherwi A mt&tfycm 
to aircraft avionics, would provide the crew with a real-time 
display of the region in front of the aircraft as well as provid- 
ing an alarm capability upon detection of anomalous iafiated 
signatures associated with silicate materials. 

The scffimng optics would acquire over a field 
of view of af^foxitnareiy '£W' taHtim -immmM dii'Wtkm 
(relative to the direction of flight) and would acquire energy 
fam 2° above horizontal and 8° below horizontal in the ver- 
tical (fiiection. At 100-fcm range, this system imis^ges an area 
35 km wide, extending &om 3.5 km above to 14 km below 
the aircraft's projected track. Assuming that eadi scm line 
compises 64 pictore elements and that 32 lines are scasi^ 
tiw re»c^^^ at 100 km would be 550 m. At lO-Jcm 
«tge, lihe r^tutttoh would be 55 m. 

SiiKje file origina! design ptoposd in 19%2, have 
been a number of technical advances that would reduce both 
the weight and bulk of the original sensor. For example, the 
diversion optics" offpSilly considered vsMW<MisiSBWmn 
splitter to separate the two infrared regions, with cold infra- 
red band-pass filters in front of the detectors limiting the 
energy to 10.0-11.0 and 1 1.5-12.5 jim. Other dispem<M smd 
multisensor systems developed in the decade may now 
be more practical and compact. 

When the initial concept was. bffitog idteveloped, focal- 
plaae-ariisy techijology 1^ jmxiwy'-<sa&amn electors was 
not rea<£ly avaiisBe tor (mmsmd fmpos^ As this tech- 
nology has developed, these m^s hm&beeomc a«^laWe so 
that the eariy imaging teclHJi<pe using two-axis sc^nmg of 
miirots.is no. longer necessaiy--daiis simplifies.flie. m^sni- 
cal construction of such imaging syi^ans andiiK^eas^ fedr 
mechanical reliability. 

The iiAated camera optics, wliich focus energy onto 
detector elements or arrays, must pass through the entrance 
window of a liquid-nitrogen-filled Dewar cooling ve^el 
wifljin whidi tihe cold infiraured bandi>ass/Woclcing filters are 
mounted in order to minimize the level of background 
energy. The requirement for the sensor's detector elements 
or arrays to be cooled to 78° Kelvin (liquid nitrogen) was a 
potentially limiting factor because either liquid-nitrogen- 
fiiled Dewar cooling vessels or in situ coolers, such as Joule- 
Hffimson ayostats, were KsqaiKxI. CcHnns^raisdly avaiiaWe 
cooling &K^tiK>Iogy has matored consi<kraUy sinc» 1982, 



with compact, reliable, closed-cycle Stirling coolers now 
cai»Me,of providing the necessary cooling. 

Even though the concept of developing a forward-look- 
ing, imaging, two-channel volcanic ash discriminator is now 
a re^ty (Fnto and others, 1991; Rsfftei and Prata, this vol- 
ifflae), c^^m^able les^sit is mct^ssy to determine the 
limitarticms of such a sysism, piticatel!? A® ^sativity, 
range, and the influence of poor visibiiify chie to other cIcHids 
in iie aiea and fidd of mm/. ^Kk imSsmmM slumid never 
be turned to provide a fail-safe means of <tetecting the 
presence of hazardous levels of volcanic dust ar.c ash :r. the 
path of aircraft They should only be considered as aids to the 
pikst and <*wv. 



RESEARCH SINCE 1982 

Since 1982, the author has focused his research on the 

devdbpEHWit - of '<^ier" aivais^d- "mM^ecArd ssmam 
(Honey and Daniels, 1985). However, activity to advance 
research and development of operational techniques for 
detecting md traddng volcanic ash clouds commeiKxd 
again in CSIRO in 1 984-85 with the work of A. J. Praia. Sub- 
sequent modeling of the volcanic ash phenomenon using 
scattering tiieory (ftata, 1989) reiiif(»ced tfee k»gic of flie 
earlier analysis of AVHRR data. This earlier analysis was 
based on the assumption that the eaeigy was being emitted 
by tl»» tese volcank:>idb <Ami. tsAest'&m '<maitem% ifoe 
energy as being scattered and differentially absorbed, as in 
Prata's (1989) analysis. Prata (1989) also used the refractive 
indices of quartz in his modeling rather than the refractive 
indices for more basic mineral or rock types, such as the rhy- 
olite, andesitc, and basalt that arc typical of volcanic materi- 
als. The complex refractive indices of volcanic ash (Volz, 
1973) differ significantly from the values for quartz (Peter- 
son and Weinnum, 1969). 

A third, phenomenon may contribute to negative "tem- 
perature" differences, leading to the discrimination of a vol- 
canic plume from nomial water clouds. The temperature of 
the ash cloud from Galimggung was estimated at approxi- 
mately -TS'C, and ite lowest temperature of water clouds in 
the jffea was calculated as-! 5*^ (Scarone, 1987). Forblaclc- 
body emission at 203° Kelvin, the emission maximum 
o<Mirs at 14.28 pm, whereas for a black body at 263° Kelvin, 
tiie esnission maxfenum occurs at 1 1 .02 jim. Tlius, for fte 
warmer water-cloud masses in the area of the eruption, in the 
absence of any other factors and assumirg an emissivity of 
1 .0, the difference of band 4 minus band 5 would be positive, 
whereas the difference would be negative for the volcanic 
plume. Further modeling and research will be necessary to 
determine the relative contibutions of tte phenomena out- 
lined above. The most encouraging feature of all of the phe- 
nomena, however, is that the band differences, either 
expr^sed ss ts^mce <k les ^peiamre, previa a ni«an$ of 
discrimui^tng cloud typ^. 



wmMAh-mFEAEEn iMAmm systems wm. bisgrjmmatiom of volcamic ash clouds 
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TWO-CHANNEL THERMAL- 
INFR4RED IMAGING SENSOR 

The infrared imaging sensor proposed to Australiaa 
aviatba arthorities k I9S2 comprised m optica! witsdow 
tnmsoRtting in the I0-i2.5-um region; scanning optics; dis- 
persion optics to split out the iO.O-1 1.0- and 1 i.5-12.5-jim 
r^ons; infrared c^era cfjtiics; cooW infirar^l dete«te«s; 
amplification, data borage, analysis, and display hardware; 
and an interface to aircraft avionics to enable the pilot and 
crew to view &e matgfxy. Ths estimated mmmmm weight 
of the tiaaging sensor was 25 kg. The amplification, storage, 
aiaiylsii^ aBd display electronics, together with the iaterfaces 
to airaraft avionics, would provide ti© «3«w wjft a real-titne 
display of the region in front of the aircraft as well as provid- 
ing an alarm capability upon detection of anomalous infrared 
signatees ^sxiat^ with silicate materials. 

The scanning optics would acquire energy over a field 
of view of approximately ±10° in the horizontal direction 
(relative to the direction of flight) and would acquire cneigy 
from 2° above horizontal and 8° below horizontal in the ver- 
tical direction. At 100-km range, this system images an area 
35 km wide, ext^ding from 3.5 km above to 14 km below 
the aircraft's projected tradk. A^asiag tot each scan line 
comprises 64 picture demmts asd ftat 32 lines msi scantied, 
the resolution at 100 tan would ije 550 m. At 10-km 
range, fte resofixtion would be 55 m. 

Since Ae origiaa! design proposal is 1982, there have 
been a number of technical advances that would reduce both 
the weight and bulk of the original sensor. For example, the 
dIspfslSS'optics originally dSiSSSiff^tfeM'a'dlciBtH 
splitter to separate the two infrared regions, with cold infra- 
red band-pass filters in front of the detectors limiting the 
e»rgy to 1 0.0-1 1 .0 and 11.5-1 2.5 pm. Otte* di^pmi<H) md 
multisensor systems developed ia the past <is^iu&s may now 
be more practical and compact. 

When the initial amce^ was betsg developed, foad- 
plane-anay technology for mercuiy-cadmi-um detectors was 
IK« i^eaAy available for commercial purposes. As this tech- 
!tok^ has dtevelqpoi, t^se mays have b&xme availEMe so 
that the early imaging technique using two-axis scanning of 
mirrors is no longer necessary — this simplifies the mechani- 
cal construction of such imaging syaems md incsreasK their 
mechanical reliability. 

The infrared camera optics, which focus energy onto 
detector elements or arrays, must pass through the entrance 
window of a liquid-nitrogen-filled Dewar cooling vessel 
within which the cold infrared band-pass/blocking filters are 
BKKaited is (xcdex to minimize the level of background 
msxgy. The m^imneat for the sensor's detector elements 
or airays to l» cooled to 78" Kelvin (liquid nitrogen) was a 
potentially limiting factor because eitiier liquid-nitrogen- 
filledOewar cooling vessels or is situ oxitos, such as Joule- 
11©ms<m cryostats, were required. C(mmsm^ araiWe 
cooling techiK>logy has mature considemUy since 19S2, 



with compact, reliable, closed-cycle Stirling coolers now 
cs^able of providmg the necessary cooling. 

Even though the concept of developing a forward-look- 
ing, imagiiig, two-channel volcanic ash discriminator is maw 
a sesfity 0^alaaad <Am, 1991; Bmton mi Pate, tfeife vol- 
ume), considerable research is necessary to determine the 
limitations of such a system, particidariy the sensitivity, 
rmg&, md Ifee mfta atK^ of poos' visibility dbe to other cloads 
in the area and field of viw. Ssch mstiuments should never 
be assumed to provide a fail-safe means of detecting the 
presence of hazardous levels of volcanic dust and ash in the 
path of aircraft. They should only be considerol as aids to the 
pilot and crew. 



RESEARCH SINCE 1982 

Since 1982, the author has focused his research on the 
development of other advanced m.ultispectrai sensors 
(HoBffy and Daniels, 1985). However, activity to advance 
research and deveiopmea of operational techniques for 
dete«ing and trackitsg volcanic ash clouds commenced 
agsin in CSIRO in 1984-85 with the work of A.J. Plata. Sv&h 
sequent modeling of the volcanic ash phenomenon using 
scattering theory (Prata, 1989) reinforced the logic of the 
eariier analysis of AVHRR data. This earlier analysis was 
based on the assumption that the eneigy was being onitted 
by dense volcanic aij clc«id rafter than considering flie 
energy as being scattered and differentially absorbed, as in 
Praia's (1989) analysis. Prata (1989) also used the refractive 
ind!^c«»^ of cpartz tn Ms moi(JdiB(g 'rs&er^'terr''1fee ^reftactive 
indices for more basic mineral or rock types, such as the rhy- 
olite, asdesite, and basalt that are typical of volcanic materi- 
als. The comi^x r^feK*iv€ indkes of vdoBitc ^ (Vdz, 
1973) differ significantly fixHa tite vatees for cpmrtz (Peter- 
son and Weinman, 1969). 

A third phenon)ffin<m may coittribote to n^ative "tem- 
perature" dif1ferenC€S, leading to tiie discrimination of a vol- 
canic plume Irom ncsmal water clouds. The temperature of 

mately -75*C, and the lowest temperature of water clouds in 
the area was calculated as -1 5°C (Scarone, 1 987). For black- 
body mission at IQi" Kelvin, &e amisstos maximam 
occurs at 14.28 |xm, whereas for a black body at 263° Kelvin, 
the emission maximum occurs at 11.02 |im. Thus, for the 
warmer water-cloud masses in the area of the eruption, in the 
absence of any other factors and assuming an emissivity of 
1 .0, the difference of band 4 minus band 5 would be positive, 
whereas the difference would be negative for flie volcanic 
plume. Further modeling and research will be necessary to 
determine the relative contributions of the phenomena out- 
lined above. The most encouraging feature of ail of the phe- 
iKHnota, l»w«veE, is that the band differences, eitito 
expi^sed is radfence « as temperature, provide a means of 
discriminating cloud types. 
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PASSIVE, TWO-CHANNEL, THERMAL-INFRARED 
IMAGING SYSTEMS FOR DISCRIMINATION 
OF VOLCANIC ASH CLOUDS 

By Frank R. Hcmey 



ABSTRACT 

The National Oceanic and Atmospheric Administra- 
tion's advanced very high resoiution radiometer image data, 
recorded asd displayed in Perth, Australia, in June 1 982, dra- 
matically demonstrated a capability for satellite observation 
of the volcanic ash from the eruption of Galunggung Vol- 
cano, Mdonesia. Analysis of the data, based on an im<fer- 
standing of the spectral-emissivity properties of silica-iich 
materials, and of water clouds, resulted in discrimination and 
display of the ask cloud over a peri<»3 of several days. 

Interest in the techniques that were used for this dis- 
crimination procedure led to the proposal in 1982 of a pas- 
sive, two-channel, thermal imaging system that could be 
motmted in an aircraft. Di^iay of the raitaBnceddata fmm the 
proposed imaging syst« could be m^&^xM into existing 
aircraft avionics and could alert the crew to the presence of 
siMca-iich materials in tiie flight path over ranges i:^ to or 
excc^fe^ M»toj^SKiifegt-<^arlaeof sight Tlieiiiittal 
instrument design is discussed, and several improvements on 
&e original coacept aiid iim itatioas to the application of such 
an iastmiaent are outiii^d. 



INTRODUCTION 

Encounters of aircraft with ash plumes from volcanic 
eraptiom have caused considerable damage md, in several 
cases, have had near-fatal consequences. The development 
of sensors for the detection of hazardous materials and other 
atmc^pheric pimitmm& m iie ffi^t patite of mtxsa& is 
assuming a high priority for s^enci^ involved in ^ihandng 
aviation safety. 

C^^osixmsi6c pecoining of daJa fr<m Ae ftAs^oMt- 
ing satellites of the National Oceanic and Atmospheric 
Administration (NOAA) at the time of the eruption of 
CMiH^lgtmg Vdcano in Indonesia in Jfeae 1982, and ti« 
subsequent development of enhancement and display pro- 
cedures, enabled a positive discrimination of volcanic ash 
mi dust clouds from normal water and ice clouds. This 
rese^rdi ako provided an mcMca^on of the reqiuremoits for 



geosynchronous satellite sensors with af^ropriate thermal 
inftared dmnels and led to the prq>0S2! of a passive, two- 
channel, thermal-infrared imaging sensor that could be 
mounted in aircraft to alert the crew to potential hazard, 
with sufficient time to take nonviolent, evasive maneuvers. 

The enhancement and discrimination procedures devel- 
oped were based on an understanding of the spectral smis- 
sivity properties of silicate minerals expected to be present iit 
tihe du^ and ash plumes. Subsequent modeling hy o&ter 
woikers iisirig radiative-transfer theory provided an alterna- 
tive mechanism to explaining the spectral discrimination 
(Prate, 1989; Prata and Barton, this volume). 

SATELLITE DATA COLLECTION AND 

ANALYSIS 

The NOAA satellites aie oear-polar-orbitiag esviros- 
mental and meteorofogical s^ii««s tfc* are op«rs^ by the 
U.S. Department of Commerce, National Oceanic and 
Ateospheric Administration (Sabins, 1987). In general, two 
sstfdffito asre opmtioaal srt any one time, giving a potential 
coverage' of an area four times per day (twice during day- 
ligla hours, twice during the night). !s practice, however, 
feere are gaps in coverage of any location due to tfie orbital 
characteristics of the spacecraft. 

The advanced very high resolution radiometer 
(AyH8JR.),SM^or mthe N0A4„sateli^„„smi^:.has s^pec- 
tral channels, with wavelength ranges of 0.55-0.68, 
0.725-1.1, 3.55-3.95, 10.5-11.5, and 11.5-12.5 pm. The 
^nnd spatisJ lesototion of fee sensor is 1.1 km. Data are 
transmitted and recorded to 1 0-bit precision, providing suf- 
ficient dynamic range to accommodate targets ranging from 
sea stiil^ces to cktiids mi mom. 

In late 1981, data from the NOAA-7 AVHRR sensor 
were being recorded on an irregular basis under a joint 
research effort between the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) and the staff 
from the Western Australian Institute of Technology 
(WAIT) (now Cartin University of Technology). The 
CSIRO/WAIT team had developed a iow-cost sateUife 
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SEISMIC IDENTIFICATION OF 
GAS-AND-ASH EXPLOSIONS AT 
MOUNT ST. HELENS— CAPABILITIES, 

LIMITATIONS, AND REGIONAL APPLICATION 

By Chris Jonientz-Trisler, Bobbie Myers, and John A. Power 



AKSTRACX 

Since 1980, analysis of seismic signals recorded by fte 
University of Washington (UW) and U.S. Geological Survey 
(USGS) Mount St Helens seismic network have been ana- 
lyzed and correlated wift observations made by field crews, 
pilots, radar operators, and the general public. These analy- 
have led to the development of criteria that enable iden- 
tification of most kinds of seismic events that occur at Mount 
St. Helens. These events include gas-and-ash explosions, 
volcanic earthquakes, volcanic tremor, rockfails, debris 
flows, dome-building eruptions, and many types of man- 
njadc seismic noise. Identification criteria are based on com- 
parison of signal envelope, dominant frequencies, and rela- 
tive amplitudes and timing among stations. 

In general, gas-and-ash explosions (vigorous venting 
of steam and (or) other gases and volcanic ash) at Mount 
St. Helens are characterized by emergent, iow-freqaency 
signals of extended duration, often with pulsating ampli- 
tude changes. The signal amplitudes from stations in the 
crater are much big&erfem"ffiose lixsns s^iass on fte vol- 
cano's flanks. The amplitudes frsm. MBmxt flaak stetions 
are approximately equal. 

Several ^^rs may complicate signal identification. 
These include: (I) evolution of the volcanic system with 
time, (2) overlap of signals that arc recorded close together 
on seismograms, and (3) the temporary loss of data fix)m key 
stations. Nevertheless, we have had considerable sacc^s 
identifying explosions within minutes of their occurrence. 
Tlie criteria used to identify gas-and-asii explosion signals at 
Mount St. Helens and tbe teclmi<jpes xts&A to develop those 
criteria provide a fotisdation fcfs signal idetrtificaion at odier 
active volcanoes. 

INTRODUCTION 

Although Mount St Helens is the only Cascade vol- 
cano to have erti^ed while tl» Washington-Oregon 
t&^md seismic i^woik (fig. 1) has been in <^&s^&m, 



there are about a dozen potentially hazardous volcanoes in 
the Cascade Range. This volcanic chain stretches from 
British Columbia (Hickson, this volume) southward 
through Washington and Oregon and into northem Califor- 
nia. The pracimi^ of ttiese volcanoes to airpoits (fig. 1) 
m^ns that any aircraft operating in the Pacific Northwest 
could be at risk from volcanic ash in the air or on an airport 
surface. This risk is regional because an ash cloud erupted 
firom any of tite Caso8<to volcanoes can drift in the direction 
of tbe wind for hundreds of kilometers. 

On May 18, 1980, the eruption plume from Mount St. 
Helens climbed to approximately 60,000 ft (18,300 m) 
within 10 minutes of the start of the eruption (Rosenbaum 
and Waitt, 1981). The ash plume spread rapidly eastward, 
passing Yakima, Wash. (135 km. downwind), i hour later 
and reaching midcontinent by the morning of May 19. 
Heaviest ash fall occurred in eastern Washington (Sarm- 
Wojcicki and others, 1 98 1 ). The ash pitime disrupted air traf- 
fic throughout the region, and hundreds of commercial oper- 
ations in eastern Washington were canceled owing to 
accumuiati<His of ash on airport surfaces (Schuster, 1981). 

The May 18 eruption clearly ^monsfirated how major 

volcanic activity can affect air traffic. But even small, short- 
lived, gas-and-ash explosions can create a hazard for airpons 
and air ftaffic wMita ii® approach and departure paths to 
major metropolitan areas such as Portland and Seattle. Hun- 
dreds of gas-and-ash explosions have occurred at Mount St. 
Helens since 1980. These varied in size and intensity from 
minor events, in which small mcKints of steam and entrained 
ash rose tess than 1 ,000 ft above the dome (to approximately 
6,^0 ft above sea level), to energetic events that generated 
large ash phim^, wMch tcm as high as 20,000 ft above the 
d«Me. MiiKHT ash fei ^xm ^sm &tms was repomd' s» fer 
as IW miles (160 km) downwind. 

The seismic and volcanic activity at Mount St. Helens 
since 1980 has provided an ideal opportunity to make real- 
time or near-real-time correlations between seismicity and 
fidd observations. From corraMoss, criteria for 
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GEO-TOMS: TOTAhOZmE MAPPING SPECTRCa^ffiTBR VOR OZONE AND SULFUR-IMOXIDE MONITORING 
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real-time event proc^mg with detectiou of affected regies 
with deletH» of umsteestsng 6&tz omM redice Urn nKiI- 



Caiibraticm of the <jSO-WMS wfl! tedHm(pes t>or- 

rowed from TOMS, SBUV, and SBUV-2, irtcorporating the 
benefit of the improved diffiiser system used in iater instni- 
ments. Ail backscattered-ultraviolet iostrume^, mdiidkig 
TOMS and GEO-TOMS, measure the reflectance of the 
atmosphere. The absolute radiance is not of primary interest. 
The reflectance standard is a diffuse-reflecting plate, or dif- 
foser, periodically exposed to sunshine and viewed by the 
instrument. So far, nothing surpasses the stability and unifor- 
mity of the simple, ground aluminum plate originally med 
OS the first BUV instiximeat tbat vm Imsmbsd over 20 years 
ago, sM^ugh the plate's iefle«*8iK!e dedlines wife prolonged 
ejqposure to the sun. The diflfeer calibration employs as 
uteraviolet lig^ source to com|>are tibe reflectance of a pro- 
tected reference difRi^ and &e active diffiiser. The light 
source itself needs to be stable cmiy daring the comparison. 
By using more than one diffiiser, tiie effects of sun exposure 
mi vaoium exposure caa be dBsentai^l**!. AWioug^ less 
elaborate than the diffiiser-caHbration systems used in 
TOMS instaHnents designed for quantitative mapping, the 
G£0-TOiMS systaen si^mld be a<kcp!ate transit 
making. 



RESULTS 

Our design study shows that the GEO-TOMS concept 

is feasible. Optical ray-trace results demcaiite^ IJto mds. a 
wide-field in<Kiociirom8t(x wiii work as m HM^er. He 
widlls of the iwir pmsA-spresd fcrtcttou is snalor titan Ae 
desired resolution. Thus, the detectability for a point source 
is almost the same as for a cloud several pixels across. The 
inherent GEO-TOIW^ spectral resolution is «>isewhat better 
than 0.7 nm foil-width at half-maximum and meets the 
TOMS specification. Because each pixel uses oaiy a small 
pjBrt of fee gnrttag, the inherent resotatton is carapsrf>!e to 
fte desired resolution and varies somewhat over the field of 
view. The longer integration time and larger entrance aper- 
ttffe comprais^e for die reduced solid angie of the field of 
view in the GEO-TOMS, as compared to the existing TOMS 
aboard Nimbus-7. The estimated signal-to-noise ratio of 
GEO-TOMS is 40: 1 at miskHHR ta&mse, about ^ same as 
the Nimbus TOMS, including the effects of space radiation. 
This estimate assumes the use of 12 wavelength bands and 
ll» s^e 50-seci<md iat^pratim inie fcsr ead) wavdeag&. b 



practice, exposure time will be optimized for each wave- 
!e8g& d^&R&ag on cmmit cloud and lifting amditioets. 



CONCLUSIONS 

limbing of ozone and sulfiir dioxide in the upper atmo- 
s{^bere fiom geostetionary satellite orbit can provide early 
warning and monitoring of volcanic events and severe 
storms for the benefit of aviators and others. GEO-TOMS is 
a proposed geostationary instrument, based on the proven 
polar-orbiting TOMS, that can provide this imaging capsdbil- 
ity by detecting backscattered solar ultraviolet radiation. 
Analysis of the GEO-TOMS design has shown that the 
iaarument concept can provide i^s-ted-^ms naaps of 
ozone and sulfur epoxide. 
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r:;i;:;re 2. Seismic signal from gas-and- 
-icpiosion on June 16, 1982. Tick 
marks on seismogram are at ! -minute in- 
tervals, beginning in the upper left part of 
ti'.e '.V-'ure. Letters A, B, C, and D on seis- 
rncvzr.im mark the approximate time at 
•A. the corresponding photographs {A, 
■>. .". and £)) were taken. Times shown on 
seismogram are Pacific Daylight Time. 
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Figure 3. Seismic signal recorded at "yellow rock" (YEL) seis- 
mometer, wi»ch is located withfe the as^ of Mova& St. Heteus 
(s^ fig. 4). Identification criteria for type of event are based on 
comparison of signal characteristics as follows (numbers keyed to 
figure): 1, shape of the signal envelope; 2, signal frequency (mea- 
sffi'ed approximately by the number of times the pen crosses the 
"zffiro line" — the kfrizanta! line traced an ujadistatbed 
pen — daring I minute (this is not labeled on the figure); 3, relative 
amplitudes among stations; and 4, relative timing of the first arriv- 
al anxfflg stations. 

suspected gas-and-ash explosions. During this time, ali gas- 
aitd-ash explosions that occurred were correcdy identified 
from their seismic signals while they were occurring. In 
many cases, events were identified during the first 5-20 
seconds, and warning was radioed to field crews before the 
gas-and-ash actually exited the top of the dome. Two less 
expme^ <«servm wiB were taught to recognize tese ' 
signals also had reasosable success: they did not miss any 
explosicffliS, but they did radio several false alarms to field 
crews in the crater. 

ITws type of continuous monitoriag requires the con- 
stot »Esr«lasce.by a sxaisedi observer jffldik too demand- 
ing to be pmctical ob a regular basis. Normally, the 
helicorders are only monitored visually when USGS or UW 
crews are flying in or working in or near the crater or when 
overaH levels of seiamicity are eleva^ ■ A™seismc-islaifH'- 
system (Myers and Theisen, this volume) is used to alert 
the scientist on duty to possible explosions at other times. 
Since 1984, we have cor^noed to correctly tdentiiy most 
gas-and-ash explosions from seismic records, either in real 
time, when helicorders are visually monitored, or within 
minutes of checking the recor<k, whrn Ibe seistmo-s^ami 
system is tised. 



LIMITATIONS AND COMPLICATK>NS 

Reliable signal recognition (^)ends on experienced 
ol^erveas who are familiar with tiie character of a variety of 
sigiials fsxm Ute mtwork ^atkms(!MbIoii&a!^'(^m, 1981). 
During tlie past 10 years, a few gas-and-a^ ^losi<»is have 



been missed or incorrectly identified, even by experienced 
oteffirvers. Severn fact<»s complicate rapid sigiml idmtifica- 
tion, including: (1) evolution of the volcanic system with 
time, (2) overlap of signals on the helicorder record, and (3) 
the temporary loss of data from key stations. 

EVOLUTION OFTHE VOiXANIC 
SYSTEM WITH TIME 

Signals generated by gas-and-ash explosions during 
1982-85 tended to be more emergent and lower in ampli- 
tude than signals generated by gas-and-ash explosions of 
comparable height in 1986 and during 1989-91. Between 
October 1980 and October 1986, fee lava dome grew in 16 
distinct, dome-building eruptions (Swanson, 1990). The 
frequency of these eruptions probably helped keep the vol- 
canic cxsMiait relatively open. The March-April 1986 
ej^lastmSi wMdh geneiafiy had higher amplitudes and 
mofe impulsive (less emergent) signals than prevkms 
events, occurred near the end of a 1-year lull between 
dome-building eruptions. The 1989-91 gas-and-ash explo- 
sions (Myers, 1992), which were even higher in mplitude 
relative to plume height, occurred after nearly 3 years of 
quiescence. At least four explosion-like sisals during the 
1989-9! series dSd sot ger»rate a plume. 

These changes in seismic characteristics may be associ- 
ated with cooling of the dome and blocking of the conduit. 
Pedi^s tfee-Mgfe aBtt^it3a<^ and lafin^sisE^sisiv® (msels 
reflect the higher energies and gas pressares refuired for 
magma to break through to the surface. 

OVERLAP OF SEKMtC EVENTS 

Another fector ftat cm compMcate rapid signal identifi- 
cation is the overlapping of seismic signals on the helicorder. 
Overlap can obscure the onset, maximum signal amplitude, 
and ^ape of the ^smic envetope. This overiap can be 
caused by (1) a single, long event that writes over portions of 
itself that were recorded 15 or 30 minutes earlier (one M! 

-i«evoiBsti»- of the ,.MicG»ile!|,::. (2),, other, fiveste .ttiat 

recorded 15 or 30 minutes before or after the event in ques- 
tion, or (3) several events that occur simultaneously. 

Ev«:jts feat occur ^u}tan^»is{y can combine fre- 
quencies and ampHtsides, producing signals that are atypical 
or that mimic other types of events. In the fail of 1990, the 
c(»l»ned s%nal from a small distant earthquake (teleseism) 
and crater rockfall, which began a few seconds later, was 
misidentified as a gas-and-ash explosion. The distant earth- 
quake gave fee signal a low-frequency onset and similar 
assplteies m the flank st^csis while the rockfall increased 
the isnplitode on the crater stations. High-frequency, low- 
amplitude signals from an ongoing storm further compli- 

c^d ..itotification.,, ,Ihe,jmisMieijtific3ti«a» mii&...m^:^mzpi 

^xteB 'i^^qu^e i^igiiai -wass idosiiik^ m a is^wad 
seismic station more than 10 miles ftom Uie voic»tK>. 
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Figure 4. Examples of characteristic seismic signals for gas-and-ash explosions, rockfalls, and earthquakes at Mount St. Helens. Tick marks 
are at l-minate intervals. Note the differetjces in signal ampiihides and relative timing at flank aud crater statiojis during fiie explosion com- 
pared to fte roclfifan. Expl<»i<xj s^ais Iteve a hi^ser am]f^fkt»Je at itoe crater staion (YEL) tea « fiaiifc stations; flaalc sfa&ms <EDM, SHW) 
show soaiar jscaplitwies. The amplitede of a rockfel! signal is highest at the station closest to the rockfall. It is often possible to sec differences 
k firs&anivrf times mmag stations teiag a rockfall— this is r^ely possible with close stations during expiosions. Explosion and rockfall 
signals are nomially more emo^^t &aa esotbqpake sig^s. 
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Table 1 . Approximate event counts, by event type, at five Cascade 
voksBsoes, 1989-^. 
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LOSS OF DATA FROM KEY STATIONS 

If data are lost from one or more stations nonnally 
used to identify differences among si^al characteristics, 
!dmt!fical3<m can be difficult. For ©caraple, loss of date 
from either of the flank stations "east dome" (EDM) or "St. 
Helens west" (SHW) (see fig. 4) prevents comparison of 
tii»ir rdlative sigtsal amplitudes, nKicjiig it hard to distin- 
guish explosions from rockfalls. Without data from a dis- 
tant station, the misidentifi cation of the small teleseism 
mffllsoaed above wcrjM nc^ fea« been c<mecXed. 



REGIONAL APPLICATIONS 

The UW also operates one or more seismic stations at 
or Bear nine other Cascade volcanoes, s»d, durii^ tl» past 
few years, seismologists have established and compared 
"background" levels of seismicity at several of these volca- 
noes (table 1 ). At each volcano, signals that are larger than a 
|He-set tibreshold are categorized using the identification cri- 
teria disoissed in this paper. Correlation of signals and field 
observations is done when practical; signals from debris 
flows and rockfells exhibit similar characteristics at different 
volcanoes (Jonifflstz-fiisier and Qamar, 1989; R.D. Nonis, 
oral common., 1992). Even though the skill to interpret seis- 
mic signals at <ms volcano can be successfully to 
aiKidner volcano (Weaver and others, 1990), the cause may 
differ from volcano to volcano. If levels of seismicity 
inaease above background at a volcano, more stations can 
be in^led to im|>K>ve ti» ^ility to interpret signals and 
locate ©vests. 



CONCLUSIONS 

By careful correlation of seismic events with &ld 
observations at Mount St. Helens, criteria have been devel- 
oped for identifying gas-and-ash explosions and other volca- 
nic or seismic events from the analog seismic record. Several 
sdsnric stations are needed to compare signal characteristics 



among stations. Use of tbe criteria allows rapi4 acctoate 
identification of events when the volcano is not viable 
owing to weather conditions or darkness. 

The technique can be used by inexperienced observers 
if guidelines and samples of characteristic seismic signals 
ftom several stations are provided. But when signals am 
djscaipwi by other events or data is missing from key stations, 
ii3rteipi€«ioa can bedifficult, even for experiencedobservers. 

Sdsmac sigB* s* <«iifflr Oso«fe vdteaio^ iiave beast 
compared to visual observations when possible. These sig- 
nals display similar characteristics to signals of similar 
events at Motmt St Helens. The criteria used to identify gas- 
and-ash explosion signals at Mount St. Helens and the tech- 
niques used to develop those criteria will help provide a 
fout»iation fm si^ial itotifiicatios at ofter active volcanoes. 
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ABSTRACT 

More than 6,000 explosive, summit eruptions have 
^tkett place at Sdkarajima Volcano, Kyushu, sfecKse 
1955. The asijlosioas <affi pFe<M<^4«i^ :tjlt md Simn 
data (Msm^ sear the summit area and from swaims of shal- 
low seismic evmts gatiacated beneath the active crater. The 
on^ of explosions is detected by explosion earthquakes, by 
the air-shocks accompanying them, and by visual observa- 
tion. The suc!»ss rate of the automated warning system for 
^ong emptiom is more Uian 80 pcK»«t. 

Explosive eraptibns at Sstorajima Volcano also have 
been detected frequently by infrasonic waves using an array 
of low-frequency microphones at Kariya, Aichi, 710 km 
from tije volcajKJ. The iaftasofflic syssatn at Kmy& is cap^le 
of detecting air waves generated by eruptions from volca- 
noes at distances of as much as 1,200 km. This capability 
fotms fee basis of a i^opos^ fcsr a wcsrldwidfe ndwcsic of sar- 
wavc sensors to monitor volcanic explosions. A scheme, 
PEGASAS-VE (pressure gage system for air-shocks by vol- 
canic eruptions), is proposed for fee acquisstion of infcsrma- 
tion on eruption locations and their estimated magnitudes. 
The scheme would be a very effective means of enhancing 
aviation safety and would be similar to the tsunami warning 
sysSem, which is in woridwi(fe operation. 

INTRODUCTION 

ExteRtdve studies have bmi utdertaken at Saloaajima 

Volcano since 1960 to investigate the eruption mechanisms 
and to identify the precursors necessary for reliable predic- 
ticsa of fee explosive emp&ffis (Kamo, 1978). Rec^t 
progress has made possible the prediction of explosive erup- 
tions with high precision. The prediction techniques at 
Sakurajima, therefore, should provide useful information for 
aviation safety. Recent results from these studies of detec- 
tion and prediction of summit eruptions at Sakurajima by the 



Sakurajima Volcanological Observatory of Kyoto Univer- 
sity, are discu^ed in fee first part of this paper. 

One notable aspect of explosive eruptions is fee 
release of air-shock waves. Detection of such waves is, 
feerefore, an important way to record explosive, ash-pro- 
ducing mptions. A C(smWnati<ai of pressure sensors and 
seismographs at Sakurajima is used for identification of 
explosive eruptions. The air-shocks are also detectable at 
very large distances because feey propagate in the atmo- 
sphere as infias«sic waves. Air-shocks generated by erup- 
tions at Sakurajima have bees observed fr^ently at 
Kariya, 710 km from the volcano (Tahira, 1981, 1988). The 
possibility of detecting volcanic eruptions using a system of 
iitfe«>mc rmsts^eoms wifein a large area has been dis- 
cussed by Tahira and others (1988). Remarkable infrasonic 
signals associated wife fee eruptions of Mt Pinatubo, in 
Jvim tWi, were rK:ord«sJ° "fee iafeBranic ^system at 
Kariya. A brief description of the recorded signals from 
Pinatubo is presented in this paper. The principles and 
results of d>s»vattoas at Kariya are dtescribed in the sec- 
ond part of this paper, and a system called PEGASAS-VE 
is proposed for simultaneous monitoring of many volca- 
noes and is su^(^ted a possible i^ni^ to rt^kce fee 
fereat feat voioKiic eruptions pose to aviation. 



^ DETECTION AND PREDICTION OF 
EXPLOSIVE ERUPTIONS AT 
SAKURAJIMA 

An explosive eruption is accompanied not only by the 
ejection of volcanic bombs and ash but also by air-shocks 
a^ m ej^ceion esoH^p^e feat originates beis^^ the 
active crater. The onset time and intensity of volcanic explo- 
sions at bofe Sakurajima and Suwanosejima Volcanoes have 
been monitored using a combination of seismometers and 
infrasonic microphones installed at distances of 2-5 km from 
fee active craters (Iguchi and Ishihara, 1990). Data collected 
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Figure 1. Examples of records of ( 1 ) the vertical component of ex- 
plosion earthquakes, which originate beneath the suinmit crater, and 
(2) air-shocks. A, Explosion-eajflKjuake record at Sakurajima Vol- 
cano (seismograph located 2.9 Ion ftom summit crater); B, Air-sbock 
record at Sakarajima Volcano (infrasonic microphone located 5.5 km 
from summit crater); C, Explosion-earthquake record at Suwanose- 
jima Volcano; D, Air-shock record at Suwanosejima Volcano. Both 
the seismograph and infrasonic microj^as at ^jwposejipa {Cmi 
D, respectively) arc located 3.3 km ftwa somtni: crater. 

at SawsBiOiMgana Volcaio are transmitted tiiroti^ telqtoie 
miw<^s to tie Saioirajinia Vblcanoiogical Observatary 
using a g«re<m!-computer amimimication system. Exam- 
ples of seraw; and iafrasonic records at Sakar^ma m4 
SavrafK^jima Yok^oes are shavra m f^ms 1 . 

Kaano (!978) noticed from a seri^ of c^servatioiis at 
Sakurajima that successive explosive eruptions are pre- 
ceded by a swarm of shallow, B-type earthquakes, and |»e- 
dkti<m of explosive m^til^ hi^ hem attempted by 
monitoring these volcanic earthquakes. Ishihara and Iguchi 
(1989) classified B-type earfcquakes into two types, BH 
mi BL, by th& ^mmat foqtj^jcy of ftte seismic waves. 
BH earthquakes are related to the intrtssion of magma into 
the conduit, and BL earthquakes are related to the move- 
jij^t of "titagna vp to fee" sairtsBit ciaier. There is a good 
correlation between swarms of B-type earthquakes, in July 
to November 1987, with increases of explosion events at 
S£&:ai^jima (%. 2). h&ieteea sw£kirs m4 87 saqi^osioiis 
were observed during this period. Seventy explosions out 
of 87 occurred within a week after swarms of B-type earfe- 
cpakes. tibtt m mmms or e!cplasik»)s ol»erved 
from the end of S^tember ferot^ October 1987. Uhira 



and Ueda (1988) examitted ifte correlatioH between explo- 
sions at Sakurajima and swarms of B-type earthquakes for 
a losger period &om 1984 to 1988. Th^ found that more 
tfeffi ^ p«rce!« of explosieins origiaated wiAin a week 
after swarms of B-type earthquakes. 

To investigate eruption mechanisms and to establish a 
reli2Mepre<SctioiJte(^m<|ae,KaTnoaijdIshiliara(1989)have 
made detailed measurements of tilt and strain of the summit 
area of Sakursy ima Volcano. An undeiground tunnel was 
constracted in a lava dome 2.8 km nortihwest of the summit 
crater, and a two-component water-tube tiltmcter and a three- 
component extcnsometer were installed inside the tunnel. 

A diaracteristic irtflirtioii, whidi occurs shorty before 
summit eruptions, followed by deflation after eruption, has 
been noted. The duration of inflation ranges from several 
minutes to several hours. Ths inflatiran is interpr^d to be 
caused by intrusion of magma into a shallow magma reser- 
voir beneath the crater. The amount of ground deformation 

related to iie total amoiait of volcanic ejecta (Ishihara, 1988). 

Aa aaxtomated wanaintg system has been developed, on 
the basis of die above-mentioi^ reiati<»iid}i|», to assess 
eruptive activity at Sakurajima Voicano from the trend of 
deformation (fig. 3). The ground-deformation data are 
rseconled amtimiou^y by a personal computer, and <«e of 
three levels of alarm (caution, critical, and warning) are 
issued &e amount of ground-tiit reaches 0.01, 0.05, 
aiKi:0.l a3«aradians, respectively. He *ta aad sessits of 
the assessment are displayed on a computer monitor screes 
in real time. The results of the automated warning system are 
shovra in table 1 for the period from January 1987 through 
May 1991. Usir^ this sySem, tihe predictiiMJ rate for the 
strong explosions with air-shocks that exceed 2(X) Pa (2 mb) 
is <»cceptiona! (87 percent). The exact onset time of eruption 
cani»t ht predicted at present because the amount of iafla- 
tioii ffiat tBgg^ an mx0on di^iges from case to case. 

DETlCTiCM OF DISTANT VOLCANIC 
EXPLOSIONS WITH INFRASC^K: 
TECHNIQUE 

Shock waves released into the air by explosive emp- 
tions propagate without substantial loss of energy for long 
(fist^ces m lie aSiiosphere as Infiasonic waves, hiftasonic 
waves can be detected by using a set of sensitive infrasonic 
microphones at a station hundreds of kilometers away from 
the volcano (Goerke and others, 1%5; Wilson and others, 
1966; Wilson and Forbes, 1969). infrasonic waves from 
summit eruptions at Sakurajima Volcano have been 
larded frequency at Kaiiya (Tahira, 1982, 1988; I^ihara 
and others, 1986). 

The infrasonic observation system operating at Kariya 
(fig. 4) consist of m array of tihree, iow-fr««5uency capaci- 
tor miorophones ins^led on tlie gmound at a ^cing of 
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Table 1. Results of automated wamia® sySim at SafcuiSBma \felcano, Japan, fw flie period fiom Janaary 1987 

through May 1991. 

(PredicJtoR sate refers to ptaSaioa use for explosive enqjtions, CommcBts in "tenaris" coiusai refer to ievd of alanus issued prior to expiosive 
a»ptsos, mis., nmmaii 



E>^odve ennHioas State &t <teS»nKito «time of exaloaaioy] „ 



Satosst^of Niffljberof Esaj^on Non-auptioa Pre-eruptioa 
ajr-«hod!S^ e^losions (deflalion) (nsin. cteige) (inflation) 
(mb) (%^) (%-) (%-) 



rate 
(%) 



Remarks 



:g0.9 



169 



1.0-1.9 129 



2.0-2.9 65 



3.0-3.9 27 



a 4.0 



0 



16 



80 



91 



100 



m 



34 



61 



81 



100 



"Caution" for 37 e5q>losions. 
"tedcai" fe 11 ejgglssiffias. 
" Wanrn^* fcH* 9 esqpicsicass. 

Caution" for 63 explosions. 
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^ Approxiamte. Observed at 2.7 km from the summit crater. 
2 Perceat of atimber of explosions. 
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Figure 3. Sctenatic dia^^ of trndei^und installation of tiitmeter and extensometor at Satosajima VokatK). AlasB system is 
alsoidiows. 



470-580 in and a system for recordiag and amlysis. Tk& 
frequency rni^e of ih& micioi^ot^ is 0.04-1 Hz. Becauise 
the amplitude of the infrasound signals from distant 
volcanoes is commonly, but not always, well below the 
level of irregular noise caused by local ateosfAeric 
turbulence such as wind noise, a "line microphone" 
(Tahira, 1981) is attached to each microphone to reduce 
wind noise. The line microphone is made 5q> of a number of 
vinyl-chloride pipes, 5 cm in diameter, arranged parallel to 
each other and connected to the central box containing the 
inftasonic microphone (fig. 5). The ends of each pipe are 
terminated by a capillary inlet opening, and the pressure 
fluctuations at Ae openings are propagated in the pipe and 
mixed in fte central box, thus yielding spatially averaged 
pressure changes. Irregular wind noise is weakened 
consi<fcrab!y by tiiis averaging process, but infrasonic 
waves of much' longer- rnvdes^^ can survive liie spatid 
averaging effect of the line microphone, thereby improving 
tihe signd-to-Boise ratio. 



The aofce fedbc^r nmd at Kariya takes a line average of 
the pressure field over a length of 100 m along the ground. 

Infrasonic signals transmitted to the recording room by wire 
transmission lines are recorded continuously on a magnetic, 
analog data recorfe tog^er wifli the time-code signal. The 
data also are recorded on a pen oscillograph for the purpose 
of visual monitoring. The corresponding portion of the mag- 
netic tepe is replayed and analyzed in detail by a personal 
computer when a similar waveform is found in the three 
channels. A computer program is provided to calculate the 
cross-correlation coefficient between every pair of channels 
from which optimum time lags of the signal traversing the 
microphone array are obtained. The speed and direction of 
arrival of the signals then are computed, taking into account 
the geometry of the tripartite array of the microphones. The 
association of tte recorded infrasonic signals with an erup- 
tion is establislrf ^sily fraro Mtarnatron on the direction of 
arrival once the source volcano and its eruption time are 
identified from other isfonnati<»i. Hje association is a!so 
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Figure 5. Schematic view of the multi-pipe line microphone used in the Kariya infrasor.ic system. Only a few pipes are illusSiated here for 
simplicity, hut the protoQi)© has 1 3 pipes on each side and takes fiie spatial average of the pressure field over a iength of 1 00 iSi. 



checked from the arrival time of the infrasonic signals by 
seeing if this is reasonable for the source-receiver distaace 
and speed of sound in the ateio^here. An example of the 
mSammc wave generated by a sumiait explosion of Saksira- 
jima Volcano is shown in figure 6. 

He detection rate of tie infirasonic system at Kmyz 
for e3q>!osi<sa5 at S^karajima Vblo&o iiKiteases with 4e 
steKSgfij of ex^cmm and reaches 81 percent for strong 
exp^N^bm ft^ proAico air-sfeocks greater tiian 4(X) Pa at 
As setsHBC station HAR, wMch is located zhmt 2.7 km 
from the active crater (Tahira and others, 1988). One of the 
notable aspects of the infrasonic waves recorded at Kariya 
fess ©tflosive emptibss Sakurajsiss is tibsrt two or mem 



wave packets are frequently observed from a single erup- 
tion. Propagation paths for the^ fefetsonic signals were 
studied by Tahira (1982) using a ray-tracing technique, and 
it has been shown that three different sound channels are 
possible from Sakurajima to Kariya, depending on the ver- 
tical profiie of atmospheric temperatufe aad winds. The 
fewest ctemel is formed betweoi fte groand and upper 
troposphere in which acoustic signals are propagated at a 
speed of 340-350 m/sec. Infesoiiic waves take longer 
when propagated by downward refraction at higher ahi- 
tudes, giving rise to apparent speeds of approximately 310 
m/sec for stratospheric refraction and 260-280 m/sec for 
lower tropospheric refracticm. 
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are infrasonic microphone stations at Kariya. Scale divisions on 
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Infrasonic signals from eruptions of other volcanoes in 
Japan have been recorded by the microphone array at Kariya, 
induding the 1983 eniption of Asamayama (200 km away), 
the 1986 enipti(si of tte submarine volcano at Futaitoku- 
Okanoba (1,270 km away), ^ 1986 and 1^7 eruptions of 
Izu-Oshima (215 km away) (Tahira md otihers, 1990), and 
the 1989 eruption of the sidsmarine vdcano tmx Ito (190 km 
away from Kariya). 
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INFR4SONIC SIGNALS FROM 
PINATUBO 

Rmatkabie irifiasonic sisals were recorSsd at Kariya 

during the eruptions of Mt. Pinatubo in the Philippines on 
June 14-15, 1991. The direction of arrival of these infra- 
sonic signals is SSW.-SW. and roughly coincides with the 
great-circle bearing of Pinatubo (i.e., 221° as measured 
clockwise from north). The time sequence (in Universal 
Time Code — UTC) of the infrasonic events at Kariya was 
examined by analyzing recorded data at successive 2- 
mimite intervals. The results are shown in figure 7. The 
airival of infrasonic waves is evident on figure 7 during the 
foQowtng intervals (in UTC); (A), June 14, 18:16-18:38; 
(B), lune 14, 20:02-20:42; (C), June 14, 21:42-22:18; (D), 
Jteie 15, 0Or46-OO:58; (E), June 15, 08:26-19:02. Addi- 
tional infrasonic signals arc observed also around 06:08, 
06:52, 07:46, and 08:02 (UTC) on Jfene 15. However, no 
fixrther analyses for these signals were attempted because 
their exact onset times arc not clear due to wind noise. The 
time sequence of snfta^aic evmts {A)-<E) were compared 
with that of reported- ea^f^ss zt- "Bm^ho (Smithsonian 
Institution, 1991). Ereeption times zrs shown by the arrows 
in the lelfit-hand column of figure 7. The onset of infrasonic 



Figore 7. Association of the infrasonic eveitfs at Kariya with ex- 
plosions of Mt. Pinatubo, Philippines, on June 14-15, 1991. Thick 
bars perpendicular to the time axis on right-hand part of figure in- 
dicate infrasonic arrivals; bar length shows amplitude. Hachured 
parts indicate Ae tane during which reliable infrasonic observa- 
tions were not possible due to severe wind noise. Actual eruption 
times arc shown by arrows on the left-hand side of the figure. On- 
set times of infrasonic evente are c<xinected with cotrcs^ndittg 
fflrai^as by dotted lines. 

events at Kariya are preceded by notable eruptions by 
between 2 hours 44 minutes and 2 hours 55 minutes, except 
for one case. The onset tim«s of isfrascatic events aare con- 
nected with corre^ntfng voteiic eruptions by doited 
lines in figure 7. 

The travel speed computed ming Aese thtte lags and 
the distance between Kariya and Pinatubo (2,770 km) falls in 
the range from 264 to 282 m/sec. These speeds are com- 
monly observed for infrasonic signals from Ae eruptions of 
Sakurajima Volcano in summer months when they are prop- 
agated by repeated reflections and refractions between the 
Earth's strface and lower thermosphere (Tahira, 1988). 

The correspondence of infrasound with volcanic activ- 
ity is questionable for signal (C). Its travel time would be 3 
hours 22 minutes if die signal was geoerated by the eruptkm 
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Fiptre 8, Examples of infmsonic signals recorded at Kariya, Japan, frotn the 1991 eruptions of Mt. Pinatubo, Philippines. Traces of the 
oa^put data Irom three microphones are superposed after shifting the time axis to achieve the best phase match. See text for discussion. A, 
itifhtsonic signals fcKr Jime 14, i99I;S, ini^asanic^^f^stoJtne IS, 1991. 



reported to have occurred at 18:20 UTC. However, this is 
somewhat too long, and we believe that the explosion caus- 
ing this infrasonic signal must have taken place between 
18:47 UTC and 18:58 UTC on June 15. A major eraption 
was recx>T6ed at 18:57 UTC on June 15, acconfeig to cita- 
tion data based on the observations at a temporary station by 
PHIVOLCS (R. Punongbayan, oral common., 1991). This 
occurrence time is wdB witibis the reascm^ie r^e to inter- 
pret our infrasonic signal (C). 

The highest infrasonic activity was recorded from 
08:26 UTC &EOugh 11:10 tJtC on Jane 1 5, when amplitudes 
frequently exceeded 1 Pa. The activity then began to 
decrease, and the amplitude decreased to as low as 0. 1 Pa by 
1 9:00. The infirasonic signals, starting at 08:26 UTC is repro- 
duced in figure ZA and may be compared with a less intense 
signal, at an early stage, at about 20:15 UTC on June 14 (fig. 
ZB). The onset titne of the strongest emptions of Pinatubo 
was 05:42 UTC on June 15. This time corresponds well with 
the onset of the largest infrasonic disturbances. The ash col- 
umn was reported to have mjtmnei ixed ov«r tihe vdlcano 
until 13:30 UTC, but our infrasonic data suggest that the cli- 
mactic eruptions lasted only until around 08:00 UTC and 
that, thereafter, tiie eraption ^b^ded gtactaaly. mfe- 
sonic signals were again recorded at Kariya about 36 hours 
after the onset of the strong eruption, at 05:42 UTC, and 
lasted aboiit 8 hours. These later signals are inferred to be the 
ones propagated to Kariya via an antipodal path (A2 waves). 
More detailed analyses of the Pinatubo infrasonic waves will 
be published separately. 



PEGASAS-VE 

Two or more infrasonic microphone arrays, operated 
500-1,000 km apart, permit independent determination of 
lie source location by ^extiapoMon of die cKrectim of 
arrival at different arrays. This leads to the proposal for a 
worldwide network of infrasonic microphone arrays to con- 
tinuously monitor ti» volcanic eruptions in a widte wea. Use 
proposed system is called pressure gage system for air- 
shocks by volcanic eruptions (PEGASAS-VE) and is shown 
diagramattcally in figure 9. 

Each array consists of three or more infrasonic micro- 
phones with wind-noise-rcducing pipes, a time-code genera- 
tor, and a personal OMnputer. The personal computer 
continuously records small pressure changes picked up by 
the microphones. The incidence of the traveling signal is 
conliTmed, and then iJie direction of arrival, horizontal phase 
velocity, occurrence time, and signal amplitude are com- 
puted. The results are transmitted automatically to a centra! 
station where the souree ifxation of fste ^^tal is ^mated 
from data sent by other array stations. 

Appropriate information would be given to the aviation 
system when a large mx^m is detected. Tie information 
includes the time and place of the possible eruption and its 
cxplosivity. A satellite telemetry system such as Argos, mak- 
ing use of NOAA polar-ori>iting satellites, can be useful to 
collect information from each infrasonic station and to trans- 
mit the result of analysis to the aviation system (Cauzac and 
others, this volume). The PEGASAS stations should be 
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Figare 9. The PEGASAS- VE system consists of a number of infirasonic microphone arrays that are 5^! ,000 km apart. Each array con- 
tinuously monitors tibe uicktoce of traveling signals and computes fte direction of arrival, horizontal phase velocity, signal antplituco, and 
d<sninant frequency. All <^ ttee data are Sansmitted to a data center where tiie source location, occurrence time, and source i.ntcnsity are 
cakuiated. A|^n^)riate inf<»maa<m is given to t» aviatioii ^stem whKi fte source of a significant eruption is identifisd. 



located within a distance of about 500 km from the volcano 
to acquire the information of eruption within 30 minutes, 
taking into account the travel speed of infrasonic sigttals in 
%^ atmo^shere. 

CONCLUSIONS 

Many of the summit eruptions at Sakurajima Volcano 
are predicted by monitoring seismic activity at the volcano. 

The eruptions tend to occur within ! week after swarms of 
B-type earthquakes. A prediction in the shorter term is also 
possible at Sakurajima by instrumental monitoring of infla- 
tion of the ground. These prediction techniques can provide 
a primary way to reduce the threat of volcanic eruptions to 
aviation safety. 

Once an eruption has occurred, however, the most 
imp<»taxu thing is to detea the eix^ti<ai as soon as possible. 
The combination of a seismograph with an infrasonic 
microphone has proved to be a useful technique to detect 
explosive eruptions, when installed at the volcano (Onodera 
anS Katno, this volume). In this paper, we have proposed 
an extension of this syaem, which we call PEGASAS- VE, 



that is essentially a set of infrasonic microphone arrays to 
detect infrasonic waves ga»r»ed by volcanic eruptions. 
This system would be capable of detecting explosive volca- 
nic eruptions within 30 minutes when the spacing of the 
station is on the order of 500 km from the volcano. It merits 
the attention of the world aviation community' because of 
its ability to provide coverage, at relatively low expense, of 
a large number of unmcmitored volcanoes, sach as tlK>se of 
the Karile-Kamdtetka-Alaittan region. 
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ABSTRACT 

Volcanic clouds can be uniquely discriminated from 
weather clouds with the total ozone mapping spectrometer 
(TOMS) instrument on the Nimbus-7 and Meteor-3 satel- 
lites. Sulfur dioxide, which is carried along with water and 
ash in volcanic eruptions, is measured by TOMS as a by- 
product of ozone mapping. Eruptions are easily detected in 
sulfur dioxide maps because the background SO2 amounts 
are relatively small and uniform, whereas visible and infra- 
red satellite images must be searched msmually for distinc- 
tive cloud shapes. The TOMS technique also produces a 
quantitative estimate of eruption size based on sulfur dioxide 
content. Sulfur dioxide data from polar-orbiting satellites, 
coupled with a short-term trajectory forecast, can be used to 
prepare volcanic aviation-hazard maps. 

The detection and tracking capability of TOMS is illus- 
trated with examples from the June 1991 Pinatubo and May 
1980 Mount St. Helens eruptions. The 50 volcanic eruption 
clouds detected wiA TOMS since 1978 includb: Pinatubo, 
Mount St. Helens, EI Chichon, Cerro Hudson, Alaid, Nya- 
muragira, Gaiunggung, Una Una, Ruiz, Redoubt, Hekla, and 
several Galapagos volcanoes. 



INTRODUCTION 

The detection of volcanic ash clouds for aviatioa 
safety currently depends on reports from the ground and air 
and manual screening of visible and infrared cloud images 
from satellites. Damage to aircraft from flying through ash 
clouds has cost the aviation industry hundreds of millicHis 
of dollars (Steenblik, 1990) since the first serious incidents 
during the 1982 eruptions of Gaiunggung. During die June 
1991 eruptions of Mt. Pinatubo in the Philippine Islands, at 
least 16 aircraft were exposed to ash at distances up to 
!,(XM) km from the volcaso (Casadevall md De Los Reyes, 
1991). Further aircraft damage results from the sulfuric 
acid haze that remains in the stratosphere long after the 
emptioa. Thus, it is dear that tite mrfhods of detection of 
voicasio-haziwsi meas, as wdl m the comiaak^ion of 



warrangs, need improvement if future incidents are to be 
prevented. In this paper we discuss a satellite method for 
detection of explosive eruption clouds using sulfiir dioxide 
gas as a tracer. 



DISCRIMINATION OF ERUPTION 
CLOUDS FROM METEOROLOGICAL 
CLOUDS 

Earth-orbiting satellites provide an excellent platform 
for detection of volcanic eruptions because of the global 
coverage and the potential for rapid transmission of data. 
Presently, the National Oceanic and Atmospheric Adminis- 
tration (NOAA) operational polar and geostationary satel- 
lites carry visible and infrared imaging instruments, such as 
the advanced very high resolution radiometer (AVHRR), in 
which the primary products are cloud images and tempera- 
ture-distribution maps. Eruptions ' cars be detected by man- 
ual inspection of images for evidence of plumes (Matson, 
1984; Sawada, 1987). This generally requires that the erup- 
tion column be sheared by winds into a plume, and, of 
course, the method fails if there is no contrast between the 
plume and underlying clouds. For example, Nevado del 
Ruiz Volcano, Columbia, produced no visible or infrared 
signature in its November 1985 eruption (M. Matson, 
NCAA, oral commim,, 1 9^). 

Manual searches of satellite images could be avoided if 
cloud-composition differences arc exploited. Volcanic 
clouds are primarily water, with carbon dioxide, silicate rock 
psaticles, and sulftir dioxide, with trace gases, such as HCI, 
preseat in smaller amounts. A relatively weak silicate signal 
at infrared wavelengths has been detected in eruption clouds 
using maltispectra! data from the AVHRR (Prata, 1989; 
Holasek and Rose, 1991; Dean and others, this volume; 
Schneider and Rose, this volume). Sulfur dioxide also has a 
very strong absorption band in the near-ultraviolct portion of 
the spectrum. This has been successfully exploited in detec- 
ti<K! of en]^ti<H) clcmds with the TOMS instruaieat on ije 
Nfcfeis-7 sa^lite Pwruegsr, 1983), as lifted here. 
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TOMS CAPABILITIES FOR 

DETECTION OF ERUPTIONS 

TOMS jneawres the ra<iiasce of the aanosphere, as 
<foes AVHRR, bm adds to tMs a measiireinent of the solar 
flux. From this measurement, the albedo (the ratio of 
reflected radiance to incident solar irradiance) of the atmo- 
sphere is compated. The altsedo of tie sunlit ^osphere is 
a result of scattering by air molecules; reflection from clouds 
or surface features, such as oceans, vegetation, soil, and 
snow or ice; and by absorption by specific atmospheric con- 
stituents. If narrow spectral bands are used, the quantity of 
absorbing gases (ozone and sulfur dioxide) below the space- 
craft can be derived. 

The TOMS instrument is an ultraviolet spectrometer 
with six narrow wavelength bands designed for measure- 
ment of total ozone. Four of the wavelengths arc used in 
pairs (312.5-331.2 nm. and 317.5-339.8 nm) in a differen- 
tial-absorption mode. The two longest wavelengths (360 and 
380 tm) are used to determine sujifece reflectivity. 

Ozone strongly absorbs light at wavelengths less than 
330 nm. To measure ozone from space, it is necessary to 
account for all the components of the system, induding 
clouds and die reflectivity of &e surface. If this were not 
done, clouds woufdprcduce artifecfe in orone maps. The sec- 
cess can be judged from the final ozone product, where the 
errors in total ozone from cloud effects are less than 1 percent. 

Stdflir (fioxide has larger absorpticm coefficient ftan 
ozone at wavelengths less than 320 nm, but the background 
concentrations of this gas are so low that it is virtually unde- 
t(^i&W''m ffie 'B!trf^gf*^fffi lIBeabV excep' fn volcanic 
eruptions. When sulfur dioxide is present, differences in the 
absorption spectra of ozone and sulfur dioxide allow separa- 
tion of the two specie ^nwger, 1985). Vokatiic clouds 
have been detected by this method at all altitudes above the 
boundary layer, but the observations are limited to day time. 
In addition, volcanic clouds below tfee upper strato!|^tee 
may be masked by large ozone ana<Hinte and long slant patSiS 
for the sunlight during winter. 

Horizoitol stoicture in ozoi^ and ssjI&bt ^oxidb is 
resolved by scanning the field of view of the spectrometer 
perpendicular to the m.otion of the satellite. The width of the 
scan is designed for full global coverage on each day. The 
spatial resolution of 50x50 km on the ground directly below 
the satellite is crude by comparison with AVHRR. However, 
spatial resolution is not critical because the TOMS technique 
depends on idmtificatioa of the suffer ^oxi<k rather than 
resolving the detailed shape of a volcanic cload. 

TOMS is on the National Aeronautical Space Adminis- 
tration (NASA) Nimbus-? satellite that was launched Into a 
polar, noon-midnight, sun-synchronotis oibit in October 
1978. A second TOMS instrument was launched on August 
15, 1991, into , polar orbit on a Russian Meteor-3 ^acecraft 
Ctela continaky is ass^ired through new TCMS im.mmmts, 
which are planned for launch on a U.S. Earth Probes ^iteliite 



in 1994, on a Japanese advanced Earth observing sateDite 
(ADEOS) in 1996, and on an undesignalad satellite in 1998. 

NOAA plans to fly TOMS instruments on operational polar- 
orbiting satellites after the turn of the century. 

The TOMS data-production system at NASA-^Goddard 

Space Flight Center normally takes 3-5 weeks for release of 
archival data. These historical data are used in ozone 
research, for assesssest of volcanic sulfiir dioxide produc- 
tion, and for confirmation of reports of eruptions in remote 
areas. However, the capability for routine, near-real-time 
data production (release in hours after playback fkm the sat- 
ellite) has now been developed, and the data can be provided 
to users on a best-effort basis. Some satellites carrying 
TOMS instruments can also transmit dbta in real time if 
ground-receiving stations are available. 

The existing TOMS instrument design is optimized for 
ozone detection. Solfor dioxide detection could be improved 
by changes in the field of view to improve ground resolution 
and by selecting the wavelengths for sulfur dioxide. Polar- 
orbiting satellites are limited to one or two overpasses of 
each volcano each day. This limitation can be averted by 
development of a modified TOMS for flight cm geostation- 
ary satellites (HartetaEm and others, this volsme). 



EXAMPLES OF ERUFTION 

Over the past 13 years, eruptions of 50 volcanoes have 
beeB^n*e«red"i>Sfilfe'TOMS; Tlie^-tec^ was <fevised fol- 
lowing the eruption of El Chichon in 1982 (Krueger, 1983), 
then it was extended to all other known eruptions to make a 
comparison of cloud properties. The volcanoes include 
.Alaid, Galunggung, Nyamuragira, Mauna Loa, Una Una, 
Nevado del Ruiz, Redoubt, Hekla, Cerro Hudson, and sev- 
eral Galapagos vol<sinoes. The 1985 Ruiz eruption (Krueger 
and others, 1990) is an ©catnple of a «ilfur dioxide cloud 
without visible or infrared signatures. On the o&er hand, not 
all eruptions produce measurable amounts of sulfc dioxide. 
For example, phreatic (steam-driven) eruptions are not 
accompanied by large amounts of sulfur dioxide; howevo-, 
they do not appear to present the same problem to avis^cm as 
magmatic eruptions because of their smaller size. 



PINATUBO 

The 1991 eruptions of Mt. Pinatoilx) in tie Philippines 
contain the largest masses of sulfur dioxide measured by 
TOMS (Bluth and others, 1992). They also produced the 
largest number of volcanic ash-aircraft incidents ever 
recorded (Casadevall and De Los Reyes, 1991). Twenty rail- 
lion tons of sulfiir dioxide were injected into fee ^osphere 
in a series of Plinian en^ions begiming on June 12, 1991, 
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Figure 1. TOMS images of the Mount Pinatubo sulfur dioxide clouds on June 12-16, 1991. Sulfur dioxide amounts, in milli-atmospherc- 
ccntimoters (m-atm-cm), are represented by a false-color scale, as show?? on the right of each image. The diagonal white line is a flight cor- 
ridor from Singapore to Hong Kong, which was affected by ash from Pinatubo. A, initial magmatic eruption on Juno 12, 1991, observed 
about 90 minutes after the eruption began at 08;5 1 Manila time (00:51 LTC). The cloud is the white-red spot near Luzon Island, Philippines. 
B, Pinatubo sulfur dioxide clouds on June 13, 1991 . An eruption at 08:45 Manila time (00:45 UTC) has produced the yellow-red spot near 
the Philippines, and the cloud from the prior day's eruption is the g-'een-yeliow patch over Vietnam. C, Sulfur dioxide image from TOMS 
at 1 1 :30 Manila time (03:30 UTC) on June 15, 1 991 . Increased activity has produced a plume extending across the South China Sea. D, The 
sulfur dioxide cloud produced by the paroxysmal eruption of Pinatubo on the afternoon of June 15, 1 99 1 . Note that the range of the color 
scale is an order of magnitude greater than in A -C. The cloud, observed at 1 1 :45 Manila time (03:45 UTC) on June 16, covers much of the 
South China Sea. Numerous aircraft incidents took place along the Singapore-Hong Kong flight route. 



and culminating in a paroxysmal explosion on June 15 
(Pinatubo Volcano Observatory Team, 1991). 

Figure I A illustrates the initial June 12 eruption of 
Pinatubo as a bright whitc-rcd spot of sulfur dioxide just 
west of the volcano at lat IS'N., long 120°E. The Nimbus-7 
satellite overpass of the Philippines was about 90 minutes 
after the eruption at 08:51-09:26 Manila time (00:51-01:26 
UTC) (Pinatubo Volcano Observatory Team, 1991). The 
sulfur dioxide amounts at each geographic location are por- 
trayed with a false-color scale, shown on the right-hand 



side of the figure. Sulfur dioxide amounts arc given in units 
of milli-atmospherc-centimeters (m-atm-cm), a measure of 
the equivalent thickness of a layer of pure sulfur dioxide 
gas at standard temperature and pressure conditions. The 
peak SO2 amounts in this cloud are about 60 m-atm-cm., 
and the total amount of SO2 in the cloud is 100,000 metric 
tons, as determined on June 13 when the cloud was opti- 
cally thin. The scattering of light and dark blue spots 
throughout the imago are noise in the data. The black band 
over northwest China is an artifact due to two missing scan 



370 



VOLCANK; ash and aviation safety: FR<X:^DINGS, first IHTeiNATIONAL SYMPOSIUM 



iines. The dsagcsial white fee over the Sou* Glina Sea 
indicates the heavily traveled flight corridor from Sin- 
gapore to Hong Kong which was the site of numerous air- 
craft incidente following the June 15 eruption. 

The first reported aircraft incident was at 12:20 Manila 
time (04:20 UTC), about 2 hours after the Nimbus-7 over- 
pass, Jrt a location abcmt 200 km southwest of the volcano 
(Casadevall and De Los Reyes, 1991). The NOAA-ll 
AVHRR image taken at 1 3:30 Manila time (05:30 UTC), 70 
minutes after flie inddent, cieariy shows an ash pltrnie 
extending 330 km southwest of the volcano (Smithsonian 
Institute, 1991). This episode illustrates the importance of 
timmg aid communicaticHis in aviation safety. 

Throughout the next 24 hours, this cloud was carried 
across the Singapore-Hong Kong flight corridor by tropical 
^steiy wm<fe. At the June 13 TOMS ovapass, the SO2 
cloud from the June 12 eruption is already over Vietnam, 
some 1,300 km west of Manila (fjg. IB). Another eruption, 
which occurred at 8:41--8:46., ,y&sila time (00:41-00:46 
UTC) (Pinatubo Volcano Observatory Team, 199!), is visi- 
ble as a yellow-red spot near Luzon. This eruption began 
two hours before the TOMS overpass. The first aircraft 
incident in the Singapore-Hong Kong corridor took place 
at 00:30 Manila time on June 14 (16:30 UTC, June 13) over 
th« Souti) China S^. 

Larger eruptions, which began on the morning of June 
! 4, are observed on the 11 :30 (03 :30 UTC) June 1 5 overpass 
(fig. IQ as a series of volcanic cI«»!<iS' fflcJsMKfag 1^600 taa 
WSW. from Pinatubo to Vietnam. 

The paroxysmal eruption began in early morning on 
Sm^ 15 and continued for more than 12 hours. This eruption 
produced a massive cioud, whidi was observed with TOMS 
^ 1 1 :45 (03 :45 UTC) on June 1 6 to be covering much of the 
South China Sea (fig. ID). Note that the color scale has been 
expanded by more than a factoroften from figures lA-lCto 
display the approximately 20 tniffion metric tons of suJfar 
dioxide produced in this eruption. This cloud was responsi- 
ble for most of the aircraft encounters along the Sin- 
gapore-Hong Kong flight corridor. 



MOUNT ST. HELENS 

The eruption of Mount St. Helens on May 18, 1980, 
provide a sectmd exas*ple of a volcanic cload drifting 
across an area with a high volume of air traffic. Mount St. 
Helens produced only about 3 percent of the sulfur dioxide 
of Pinatubo, but the cloud drifted across the United States m 
less than 3 days. This eruption produced a diffuse, lower tro- 
posphcric dust cloud, which moved east and north, and an 
upper tropospheric ash and sulfur dioxide cloud, which 
drifted east and south (Newell and Deepak, 1982). 

The sulfur dioxide cloud on May 19 is shown in figure 
2A as an image produced during rcanalysis of archived 
TOMS data. About 27 hours after the eruption, a trail 



exteMs from the vdcaao location in soutifiwest Washington 

to central Wyoming. The bulk of the cloud is found in a 
plume extending to the southwest comer of South Dakota, 
then southeast across Nebraska and Kansas to the panhandle 
of Texas. On May 20, the trail of voicamc maS^sM &Ktm^ 
from northern Oregon, across Idaho, Colorado, Kansas and 
Missouri, to the vicinity of Detroit (fig. 2B). At this time, 
the most dense part of the sulfur dioxide cloud was over Illi- 
nois, Indiana, CMo, md Michigaa. Oa sicceediag days, fte 
northern part of this cloud was sheared by jet stream winds 
into an elongated stream, whereas the remainder of the ash 
cloud sfetgas^ in a ridge over iie Cental States. Based on 
radiosonde winds and other observations, the cloud was 
located primarily between the 100-mb (16-km) and 200-mb 
(12-km) surfaces. 

Analyses of the ash-c!oud trajectory, based on meteott>- 
logical data, were prepared by tihe NOAA Air R^iaroes 
Laboratory (see fig. 12-10 in McClelland and others, 1989) 
and by Ed Danielson of the Ames Research Cerftrar (Newdl 

tory for the 200- and 300-mb (9-km) levels. The general path 
is similar to the TOMS trajectories shown in figure 2; how- 
ever, the actual cloud has a compact form with significant 
differences in timing and location. At the TOMS overpass 
time on May 1 9, the ash cloud is predicted to be over Arkan- 
sas at 9-km altitude (300 mb), over central Colorado at 12 
km (200 mb), and (not shown here) over the Utah-Wyoming 
borfe at 16 km (100 mb). The actual cloud location from 
TOMS data is north and west of the forecast locations. On 
May 20, the trajectory forecast placed die ash south and east 
of ate TOMS Cfoud. The <ifferences ilkistate the mad for 
both a high degree of vertical and temporal resoMcffl is 
meteorological data for trajectory forecasting. 



CONCLUSIONS 

Avoidance of volcanic ash by aircraft requires use of 
all available sources of information. Once the plume is in 

the upper troposphere or lower stratosphere, fl^ prdilem is 
detection and prediction of its motion. Meteorologi^ data 
are n^d^ to infe* fte height ttf a soJfur dioxide cloud 
based on measured wind speeds as a function of altitude. 
With only one satellite observation of cloud location per 
day, a forecast is required to estimate the location at inter- 
venting hours. Trajectory f<»<ecasts appear to need updating 
with volcanic-cloud information more than once per day 
due to weaknesses in the models and limitations in the 
meteorological database. However, good results have 
recently been curtained in forecasting the traj^wy of Ceno 
Hudson under Southern Hemisphere pdar-vottex condi- 
tions (Schocberl and others, 1993). 

The TOMS technique produces unequivocal informa- 
tion about sulfur dioxide clouds produced during magmatic 
eraptions. Data from the pr^ent class of TQMS instal- 
ments on polar-orbiting sitellites will be collected for a* 
least the next decade. 



VOLCANIC HAZARD DETECTION WITH THE TOTAL OZONE MAPPING SPECTROMETER (TOMS) 



371 




Figure 2. A, TOMS obser- 
vations near local noon on 
May 19, 1980, of the sulfur di- 
oxide cloud from the May 1 8, 
1980, eruption of Mourst St. 
Helens. The cloud appears as a 
red-white patch over the 
central Western States. A trail 
of smaller SO2 amounts ex- 
tends westward back toward 
the volcano, which is located 
in southern Washington State. 
5, The sulfur dioxide cloud 
from Mount St. Helens on 
May 20, 1980. Tne bulk of the 
cloud is now over Illinois, 
Indiana, Ohio, and Michigan. 
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Figure 3. Trajectory analysis based on raeteoroiogical da& indi- 
cating the predicted path of the Mount St. Helens cloud (May 18. 
! 9M) at 2<X) stiA 300 mb. Note tite general agreement with the actual 
locations shown in figure 2, but note also the differences in detail, 
such as a more northerly trajectory than predicted. Prepared by E. 
Danielson of fte Aines Rsseaich (:^iitei:,0l:e*«yi«tJi,Ikeplc, 1982). 
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ABSTRACT 

National Oceanic and .Atmospheric Administration 
(NOAA) meteorological satellite data have been used to 
detect volcanic eraptions and mouitor the subsequent jsh 
clouds since 1976. Imagery (analog or digital) can be used in 
conjunction with conventional radiosonde data to determine 
the aititade of a volcanic OTption cofamn; the size, sp^d, 
and position of the eruption cloud; and the direction in which 
the cloud is moving. This information can be used to provide 
guidisice to pSTots flptig m a«as near active oiiptions. 

mmmmcmm 

Many active volcanoes are located in remote areas of 
the globe, far from homan h&itatidn but near major flight 
routes (e.g., Aleutian and Kamchatkan volcanoes). Because 
of their remoteness, these volcanoes are often not monitored, 
sikIS is^dmost impossible to provide pilots with inform^oa 
about volcanic activity along the flight route. However, sat- 
ellite systems, with their global coverage, can provide infor- 
mation on erupting volcanoes in virtually any part of the 
world (Sawada, 1987, this votame; Sudradjat, 1989). 

METHODS OF STUDY 
POLAR-ORBITING SATELLITlES 

TTie National Oceanic and Atmospheric Administration 

(NOAA) normally operates two weather satellites in polar 
orbits and two weather satellites in geostationary orbits (cur- 
Mstly, four poisKT-oifeiliESg sateK^ :»ci-o» gefflteiomiy 
satellite arc operational). The NOAA polar-orbiting satel- 
lites operate at 833 to 870 km above the Earth in near-circu- 
lar sun-synchronous orbits with 98.89° inclination, which 
results in 14.25 revolutions per day aud obtains complete 
global coverage every 24 hours. 

Tl» primary imaging sy^em aboarf the poSar-oAiting 
satellites is the advanced very high resolution radiometer 
(AVHRR), a cross-track muitispectral scanner with a nadir 



resolution of 1.1 by 1.1 km and an image swath width of 
2,600 km. The AVHRR offers five spectral channels — two 

visible and three infrared (see table 1). Experimental multi- 
spectral techniques based on AVHRR imagery (channels 3, 
4, and (or) 5) have been developed for monitoring volcanic 
plumes (Itela, 1989; Hoiasek and Rose. 1991; Potts and 
Whitbyj this volame; Schneider and Rose, this volume). 

The AVH&. im^ery is available at full resolution to 
direct-readout stations acquiring automatic picture transmis- 
sion data (frequencies of 137.50 or 137.62 MHz) or high-res- 
olution pcSi^tmnsmission data (frequencies of 1,698.0 and 
1,707.0 .MHz). Data is also tape recorded on board the satel- 
lites and downloaded each orbit to the command and data- 
acquisition facilities in Fairbanks, Alaska, and Wallops 
Island, Va. The global data, resampled to 4-km resolution, 
are known as global area coverage or GAC data. Pre-spcci- 
5^ ts^-recorded scenes, recorded at 1.1 -km resolution, 
are known as local area coverage or LAC data. The two 
images in this paper (figs. 1 and 2) are from the AVHRR 
LAC coverage of the Philippines, wMdb established 
about June 1, 1991,2 weeks prior to the paroxystnal eruption 
of Ml Pinatubo. 

Currently, imagery from two' polar-orbiting satellites, 
NOAA-1 1 and NOAA-12, are opwationally available. Dur- 
ing any 24-hoijr period^, the satellites will pass over any part 
of the world at least twice; once during the day, and 12 hours 
later at night. Cover^e gv« the polar srfeas can be up to 9 
times per day due to ort>ilal::Ovefla|>s.:3t,tl»e latitats. With 
two satellites, repetitive coverage of any area of the world is 
obtained at least 4 times daily at the equator and up to 18 
times daily over tibe polar areas. 



GEOSTAH WARY OPERATK^AL 

'mmm&wmmm^ SAHiLLfHEXGOES) 

The ge<^^a»ry c^r^osal msf'mm^ex^ ^tsilite 
(GOES-7) is in orbit 35,800 km above the Western Hemi- 
sphere equator and orbits around the Earth at the same rota- 
tion rate the EaiA. ThiB, it is always viewing a constant 

portion of the Western Hemisphere between lat 60°N. and lat 
60°S., providing repetitive coverage of the area as often as 
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Table 1. Spectral chaimels of the advanced very high tooM<hi 
radtonaeter (AVHRR). 





Wavelenajh (pm) 


Primary uses 


I 


0.5S-O.68 




l» 






3 


3.55-5.93 


Fot®^ fire nKaitoriJS®. 
Nighaime cload mj^jping. 


4 


10.30-11.30 


Sea-sxirface temperature. 
DayMght cioud mapping. 


5 


11.50-12.50 


Sotrsur&ce tenqjo^ure. 
I^/ni^ cloud m£^ii^. 



every 30 minutes. The scanner imaging system aboard 
GOES acquires one band of visible data (0.55-0.70 }im) with 
a I -km resolution, and one band of thermal-infrared (IR) 
data (10.5-12.6 p.m) is acquired at a resolution of 8 km 
(Sabin, l%7). 

Because of the complete coverage between lat 60*M. 
and lat 60''S. provided by GOES-7, it is possible to monitar 
many vofcanic eniptions in the Western Hemispliere. Hie 
imagery can be received as often as every 30 minutes, mak- 
ing near-real-time tracking of volcanic ash clouds possible. 
This tracking informatioH caa include plume altitude, posi- 
tion, size, speed, and directional movement. NOAA- 1 1 and 
NOAA-12 can provide the same information for volcanic 

&®6(patc»-3»<lev®ry I Mlhsm&mss^^i:^. 



The Mt. Pinatubo eruption provides example of 

NOAA satellite capability to monitor such events. The larg- 
est and most violent of the eruptions began on the morning 
of 15 June 1991 . He mo^ vjolent eruptive phase is sk>wn 
in figure I. An extensive ash plume achieved heights of 
25-30 km and, in the iminediate vicinity of the volcano, 
attained altitudes of proximately 35-40 km. An over- 
shooting top was fixed over the volcano for a 1 2-hour period. 
The ash from this phase of activity accounted for more than 
95 peicem of ^ residtaat 2,700,«KWkm2 |rfwie. 

The final phase of the eruption on June 16 was noted by 
a "wedge shaped" plume fixed on the volcano. During this 
phase (fig. 2), ash reached heighfe of 23-25 km. It is app«-- 
ent from these satellite images that the areal extent and 
movement of the eruption cloud can be monitored, in addi- 
tion, by comparing the satellite-derived black-body temper- 
ature of the eruption cloud to a nearby radiosonde station 
taking upper air temperature and wind profiles, it is possible 
to assign an altitude to the cloud. 



DRAWBACKS TO SATELLITE 
METHODS 

There are two problems with utilizing satellite data for 
vofc^ic ea^tions. First, it is often difficult, in early stages 
of an eraption, to dfetaigmsh a volcanic eruption from a 
meteorological cloud. Often, the spectral signature and 
shape of each are similar; however, multispectral image pro- 
ce^ii^ nsif!^ AVHRR dto caa be meM. m discrimimting 
ash clouds from meteorological clouds (Prata, 1989; Holasek 
and Rose, 1991; Dean and others, this volume; Schneider 
mA Rose, this volume). It is tismsc to Io<* for a reiwrted 
emption on satellite imagery than it is to detect an eruption 
by using the imagery aione. Despite this difficulty, several 
voicaiMC eruptions have initially been detected by ttatn^d 
aiMdysts using satellite data alone. 

The second problem is assigning an altitude to the 
eruption cioud during the early stages of an eruption. 
Using satellite-derived temperature data alone and compar- 
ing it to nearby radiosonde temperature data may result in 




Figure 1. Mt. Pinatubo volcano, Philippines, NOAA- 10 multi- 

km) 9!s.^'M^m:S^><:f^^'S^m3.^Mmit^ X^k.'Sm.fs/^esmi&ams^'^ 
ofashoverLuzon'airf'fteSOTACMiiaSea'W^ 
ly 8 hours of continuous eruption during the "paroxysmal" event, 
which lasted a total of 2 1 hours. The "overshooting top" can be seen 
ova the volcano. Even though prevailing winds are fhwn ilse ijorfli- 
east, fte forc« of fise eruption was ^sat s» ftat some was 
forced upwind, ftje concentric rin^ nms^ fte cratntl core appear 
to be gravity waves propagating outward. Temperatures derived 
were as low as -80°C, and components of the ash cloud tracked 
wesa-soi&westward at neariy 45 m/s at altitjidiM of 30 to 35 km. 
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Fsgu re 2. Mt. Pinatufao volcano, Philippines, NOAA- 1 0 false-color, muMspectra! (visible and infrared) composite processed from 1 . 1 -km 
data at 7:00 a.m. (local time) on 16 June 1991. A "wedge shaped" ash cloud, looked over the volcano (X), is depicted during the third phase 
of the "paroxysmal" eruption. Material can be seen rising from the volcano, spreading to form the blue-gray plume and ash cloud. 
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two ditito<ie assignments dae to atmospheric temperature 
inversions- The problem can be resolved after the ash 
cloud starts to spread by comparing the ash-cloud speed 
snd direction to radiosonde wiad i^eed and direction. An 
additionjd pccMsm can arise if the cloud is not in diermal 
eqpillbriuDEi with the atmosphere (Self and Walker, this 
volume; Wootfe and Kienle, this volume), which will cwmi 
incorrect altitiuk cakuktions. 



CONCLUSIONS 



Alttioagh NOAA sakMt^ <^ <kj have &eir limitations, 
used in coi^aoctim wiJfc cfya skhhccs of vdcanic-eruption 
infomiatfon, ^ese Sat& can provide near-real-time infcwma- 

tion on the altitude, size, speed, and direction of ash clouds. 
This information, along with trajectory forecasts, is now 
being operationally supplied by NOAA to the U.S. Federal 
Aviation Administration to provide volcanic-hazard alerts to 
aircraft in flight-information regions for which the United 
S^*^ isf res^s^te; operators of otiher m!domi satettite 
s^^em&..a3!id4,m^&.mAs mSmsn^&m wml^h to f ilols 



flying near active volcanoes in areas covered by fedr nj^e- 
orological satellites. 
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VOLCANIC TREMOR AMPLITUDE CORRELATED WITH 
ERUPTION EXPLOSIVITY AND ITS POTENTIAL USE IN 
DETERMINING ASH HAZARDS TO AVIATION 

By Steven R. McNutt 



ABSIHACT 

New data on volcanic tremor define an empirical rela- 
tion between tremor amplitude or strength and eruption 
explosivity: as explosivity increases, tremor amplitude 
increases. Tremor data from 21 eruptions at 14 volcanoes 
were normalized to their reduced-displacement amplifticks, 
thereby permitting quantitative comparison. A linear regres- 
sion of amplitudes plotted versus volcano explosivity index 
(VEi) yielded ^e fornida: 

logio(«!d«oed dispi^Rient) = 0.46(VEI) + 0.08 

Similariy, amplitudes plcuxed versus ash-column height 
yielded the formula; 

logio(reduced displacement) = 
(1 .80) Iogio(ashrcioud hd^t) - 0.08 

Both segisessions are si^&sat ss.- tk^ SS pepceit level, 
althougli the VEI data fit slightly heXts^. 

A rapid assessment of a volcano's explosivity* could 
help determine hazards ftom airborne ash. Thus, tremor 
amplitudes could form one component of a warning system. 
Tfee tremor amplitudes are recorded in, near real tinie as the 
volcanic raateriafs exit the ve«t. It takes at least several 
minutes for the ash to reach altitudes where it poses a hazard 
to aircraft. Therefore, in the best case, tremor amplitudes 
could help <tetennii» the size of an eruption md the amount 
of ash before the ash reached altitudes where it poses a haz- 
ard to aircraft, in terms of aviation hazards, the threshold or 
critical amplitude of trssnor is 1 0 cm^. 

INTRODUCTION 

A fundamental problem with respect to volcanic ash and 
aviation safety is the prediction of the volume of tephra and 
the cdiBiB heigM resultisg fiom vdcairic eruptions. Numer- 
ous jet aircraft have been adversely impacted by airborne vol- 
canic ash over the past 10 years. For example, the recent 
en^ons of Mt. Pinatubo, Philippines, caused damage to 
moi« than 14 jet aircraft (Casadevall and De Los Reyes, 
1 991 ). Clearly, solutions to the problran of aircraft oicouaters 



witii airtx>me ash to be addressed before trage<fy occurs. 
A main part of the problem has been the inability of monitor- 
ing teams to identify the presence and amount of ash resulting 
from a volcanic eruption at the time it occurs. 

This paper describes new results based on analyses of 
volcanic tremor, a type of seismicity, and its relation to the 
explosivity of a volcanic eruption. It will be shown Aat the 

amplitude of volcanic tremor, as recorded on a seismogram 
and normalized to a common scale, is proportional to the 
explosivity of eruptions tesed on such parameters as ash- 
column height, volume of tephra, and eraption style. The 
paper describes the data and its limitations and recommends 
how seismological data on volcanic tremor may be used to 
help reduce aviation hazards caused by volcanic ash. 

METHOD OF STUDY 
VOLCANO EXPLOSIVITY 

To ccanpare the explosivity of eruptions to the ampli- 
tude of volcanic tremor accompanying them, the volcano 
ejqplosivity index (VEI) of Newhall and Self (1982) is used 
(table I). The VEI uses nine parameters to ascribe a numeri- 
cal index, ranging from 0 to 8, to an eraption: general erup- 
tion description, volume of tephra, ash-column height, 
qualitative description, classification, duiation, CAVW 
(Catalog of Active Volcanoes and Solfatara Areas of the 
World — see References Cited) maximum explosivity, tropo- 
^heric injection, and stratospheric injection. Of these 
parameters, ash-column height is die one of most concern to 
aviation safety. 

VEI values are normally deteimined as whole units. In 
this respect, they are similar to earthquake intensities, such 
as Modified Mercalli intensities, rather than to earthquake 
magnitudes. In this study, both published values and values 
determined by the author wer« used. Selected component 
information is shown in table 2. 

The VEI has several shortcomings; for example, ash- 
column height, plotted versus .the Iggm&m^^of et^Bted 
mass shows some eruptions v/hcm vaim fall <»itsj<k 
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Table 2. Eruption and tremor parameters. 

{VEi. volcano explosivity index (see table 1); ash-cJoudheighs given iislcilometers above vcat for VEl 0-2 and in kilometers above sea level for VEl S 3; tephra volianerefesio 
volame <rf juiawpassed asii; State {-> ii#»aa* »o *^ Y^. (»s., V<tew Oiwv«>iy] 



VokarKj Etevato .EsapSm Trenwr AsfwiSwk! Tephra 

naaisei 0*^ <tee ampHtude VEI height volume R^«eas 

. (cm^) (km) (xlO^km^) 

AugJKtiiK 1,227 .... 1976, Jaauary 140 4 13 ~ Reeder and Lahx, i 987 

Simkin aad ofljeis, 1 981 
McCieiland aad others, 1989 

Fu^O 3,763.... 1973, April 27 24 3 >2 D. Karlow, unpub. data 

Fue^ 3,763 .... 1975, My-September 8 2 1-2 - Sixnkin and others, 1981 

- D. Harlow, impub. date 

Galeras 4,482 .... 1 989, May 4-5 17 2 3 - D. Harlow, unpub, data 

Kilauea 1.222 .... 1983, January 5-12 18.3 2 1-2 14 Koyaaagi and others, 1988 

Jvfasaya 635 .... 1977, Fefcnmy 2.5 0 <1 - Sindcin and others, 1981 

D. Hariow, tmpab. data 

Mount St Helens ... 2,549 .... 1980. May 18 2m 5 >24 1 ,100 Fdikr, 1983 

Smddn and others, 1981 
Sama-Wojcicki aadothm, 1981 

Mount St. HelesKS... 2,549.... 1980, At^u^ 7 20 3 13.4 4.5 Fchlcr, ISSS 

■ Harris and others, 1981 
McCMfeBJKiaiid ofters, 1989 
Scandone and Makaw, 1985 

Mount St. Helens... 2,549 ....1980, October 16-18 10 3 14.3 3.0 Fehler, 1983 

Harris and others, 1981 
McClelland and others, 1989 
Sc£^<^ asd VMom, 1985 

T^ya 2,552 .... 1973, May 7 5 1 <I - , McNatt and liarlow, 1 983 

Simkin and others, 1981 

Pacaya. 2,552.... 1979, October 6-7 9 2 >1 - D. Hariow, tmpab. data 

Pavlof 2,518 .... 1980. November 12-13 .... 1 1 3 1 1 6 McNntt, 1987 

Siaias aaidfeeis, 1^1 

Pavlof 2,518.... 1983, Ifevember 14-16 ....16 3 7.5 „12 McNatt, 1987 

McClelland and others, 1 989 

Paviof 2,518 .....1986, ApJ 18-19 54 3 15 8 McNutt, 1987 

McCIeiiaad aad others, 1989 

Knatubo 1,760.... 1991, Jtme 15 1,070 6 30 3,<XK) R. mite, smitm commm., 1991 

Finatubo Vole. Obs. Team, 199! 

Plosty Tolbachik .... 3,085 .... 1975, My 9-26 146 4 13 1,000 Fedotov and Markainin, 1983 

Gorel'chik and others, 1 983 
Sinskia aad othm, 1981 

Red<»bt 3,108..:. 1989, Decraiber 15 39 3 >12 9-!6 ..Mller and Davi«, 1990 

Brantley, 1990 

Scott and McGimsey, in press 

RfidotJbt 3,108.... 1990, AFil 21 15 3 >8 0.6-1,3 MiHeraadmvi«s, 1990 

Bms&isy, 1991 

Scott and McGimsey, in piess 

Saa Cristobal 1.745 1976. Maids 2.4 1 >1 ~ Simkin and others. 1981 

D. Kaxlow, written comanm. ,1991 

Sheveto 3.395 1964, Novesnber 12 152 4 15 300 Gtai^vad Daba, 1970 

Simfck and c^bas, 1981 

V&mtsmM 2.507.... 1^, Jms 28 17 3 8 9 McOdtei aj8l <Ais$, 1989 

S. McHutt, iiB|>ul>. date 
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VOLCANO EXPLOSIVITV INDEX (VEI) 

Figure 1. Volcanic tremor reduced displacement versus volca- 
no explosivity index (VEI) of Newhall and Self (1982). The plot- 
ted Itoe is a Imear f^jtsskm fit to fte dsaa. Tte correlation 
coef!Kie3at,r,is0.93. 

current VEI boundaries (Carey and Sigurdsson, 1989). 
Also, VEI = 3 is too IjToad a cs^oiy ia tmas ctf zvyaikm 
bec^se it includes botli emptic»is &at are hazardous to avi- 
ation as well as those that are not. VEI = 3 is also the unit 
that iias the greatest scatter in figure I. Despite these short- 
c<»tuag% the VEI is wdl 3aK>wn acd widdly med in the vol- 



followed by an amplitude reduction for 1/2 hour, then strong 
tremor that neariy saturates tbe seismograms. This strong 
tremor was accompanied by an eruption of steam-2BMi-i^ 
clouds to a height of several kilometers. The seismogram 
^ows several typical features of tremor: (I) long signal 
diH^^oi^ (2) neady lomotonic low freqi^acies, smd 0) 
am^todes that vary over several time scales. 

Tlie Pacaya trsnor was recordbd at several seismic sta- 
tions. In general, it is necessary to ase a network of six to 
e%te wdl-distdbiited sta&om, las^gisg in dis^aiB^e fr<m I to 
20 kin Ikm tbe wlcsoaub vet^ Ilis pmiilts ^ 
both weak and strong volcanic tremor on-scale and Ae abil- 
ity to discern tranor ofter siptals of vdcaiic origin 
from regional or (fistaat esstibqiialces. 

Volcanic tremor is neariy ubiquitous at active volca- 
noes. However, tremor occurs boA during eraptiorai and dur- 
ing non-eraptive periods, so Ms& alarms jto possible. In 
general, eruption tremor is stronger and is of longer duration 
tfcan non-eruption tremor. (Miearwise, tfeeie are no known 
tastiKxk to distingui^ eruption tremor ftom non-eraption 
trmor. Some data suggest that strong tremor has a longer 
period or lower frequency ttsan weak tremor (Aki and Koy- 
anagi, 1981), but the effect is slight. 

The primary interest of this paper is to examine volca- 
nic-tremor amplitudes or strengths during eruptions. For 
proper comparison between episodes of tremor at diffeent 
volcanoes, the amplitudes are normalized to a common ref- 
erence using a procedure called reduced displacement 
(R.D.). Two formulas are commonly used. For body waves 
(e.g., P-waves and S-waves) the §smviat of Aki iod Ksfy- 
anagi (1981) is: 



For surface waves (e.g., Rayleigh waves. Love waves, 
and PL-waves) the formula of Fehler (1983) is: 



VOLCANIC TREMOR 

Volcanic tremor is a type of seisraicity associated with 
active volcanoes. Its typjcsl s^mmos m a seimic reccad, 
or seismogram, is that of an irregular sine curve or sine wave, 
and its key distinguishing feature is its long duration com- 
pared with earthquakes of the same amplitude or strength as 
recorded on a seismogram (McNutt, 1992). Terms sach as 
"eraption signals" and "blast events" have also been used for 
some signals that axe here referred to as volcanic tremor. 
^<aase tmmK^og^ is sot staadtaardfe:^ m& the pxirpose 
here is merely descrifrtive, tite most getKtal team h^n 
used in this paper. 

An exffinple of a fipsnor seismogram is shown in figure 
2, which shows data from Pacaya Volcano (Guatemala), 
recorded on a station 10 km from the vent. Tremor occurs for 
I hour, stops for i Ikjut, ihm re^im^ for 2 haacs. This is 



R.D.= 



(2) 



where 

^ is the amplitude in centimeters, peak-to-peak, 
r is the distance ftcm s<»Hce to sdsnw Nation, is caiti- 
meters, 

M is fte seismografjh magnification at the tremor fte- 

quency, 

A is the tremor wavelength, in ccntimetere, and 
Itji is the TOOt-mean-square (mis) amplitude correction. 
Where possible, it is best to use values determined from 
several seismic stations located at a given volcano because 
these permit redundancy and error resolution. Such calcula- 
tions have been performed for about 40 volcanoes; a subset 
of well-determined values from 21 eruptions at 14 well-stud- 
ied volcanoes is shown in tabic 2 and figures 1 and 3. Note 
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Bl^gare 2. Portion of a seismogram from Pacaya Volcano, Guatemala, recorded on October 7, 1 979, Time rsadcs are at I nminiite intervals, 
ai!^<a»b«a»ls ! 5 aiBBtes apart from adjacentlfces. Tmcka^^ fmsto^^tohmmmd'&c^ 

amplit^ occurs for about 4.5 hours of the middle 6 hours of the record. A steam-and-ash craption occutfoi'toa^^ strongest part of 
i« mffvd (large arrow). The frequency of the tremor is about 1.5 Hz. Several nearby earthquakes arc also recorded (aaiali arrows). 



that the tabiss and figures show one vaitie per eryption. 
These are. jfee fmmxr valpes timt corresiKWKi to the pieak VEI 
during mdi er^^<». 

DATA SELEXrriON 

Data used in this study arc primarily published data 
from the last 20 years. A number of values were determined 
by the author from unpublished <feta Aat are part of an ongo- 
ing investigation (McNutt, 1992). For these cases> to assure 
quality control, it was necessary to examine the time series 
for boil timjor asd liie emf&m paiSEmetrars so that devils of 
the tempora! relation between the two could be assessed. 

Odi^ stadies have examined tremor amplitudes versus 
eniptioa panati^eis §or mmy difeest feies mMn single 
eruptions (Eaton and others, 1987; Koyanagi and others, 
1988; McNutt and others, 1 99 1 ). The present study, however, 
is concerned wift estsMishfiig a graeral relationship between 
various volcanoes, assuming similarity of eruptions. Thus, 
plotting one value per eruption — the maximum tremor 
ampli^e accompanyiag the maximum VEI — ^implies equal 



weighting of each eruption. VEI is the independent variable 
(;c-axis). The acccwnfwjying tremor reduced di^lacement is 
plotted as the dependert variable (y-axis). The regression for- 
mula minimizes the y errors. To use the data in the opposite 
sense— to forecast VEI from the tremor amplitude — ^the 
tegiessioa. most, be .done with the variables leversed. For the 
data set of this paper, however, the difference is slight An 
enlightening discussion of the issue of regression polarity is 
given lyj^ Bolt {1978). 

A strength of the data set is that it spans wt orders of 
magnitude in VEI. This is possible due to inclusion of data 
on Mt. WnalsrfK) (R. White, oral ammm., 1991; White and 
others, 1992), which, at VEI = 6, is the largest eruption 
worldwide since the 1912 eruption ofKatmai, Alaska. A lim- 
itatiM of data is ftat it consists of a reMvely small 
number of eruptions. As more data are added, the derived 
parameters may change somewhat, although they will not 
diange mtdh bemuse ^ six orders of magnitude ofVEI pro- 
vides stability. Roughly speaking, the VEI-5 and -6 data 
points "anchor" the upper end of the correlation; adding more 
<feta at &e lower end will not signifiomdy change the slq>e. 
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RESULTS 
TREMOR AMPUIOTE VERSUS VII 

The ^mmmy resdlt of <Ms sSi3y is &i& tremor ampli- 
tudes increase as er^tioas become inore explosive. This is 
seen clearfy in figare 1, which plots reduced displacement 
tremor amplitude vem^ VEI. A liimx re^nsssion fit to the 
data yields the relation: 

logio(reduced displacement) = 0.46(VEI) - 0.08 

The correlation coefficient is r = 0.93, which is signif- 
icant at greater flian flfie 95 percent leve!. The derived rela- 
tion spans six orders of magnitude of VEI and three orders 
of magnitude of tremor amplitude; hence, it is robust. 
There is scatter in the data of a factor of a^roxirojftely 2 
to 3, most of which is probably due to stochastic variation 
in parameters, similar to scatter shown in Carey and 
SigUKisson (1989, their fig. 7). 

ASH-CLOUD HEIGHT VERSUS 

TREMOR AMPLITUDE 

Tremor amplitudes increase as ash-cloud heights 
increase (fig. 3). A Imear regression fit to the data for eitqj- 
tions with ash-c!otid flights of 3 km or more yte!ds <he 
relation: 

Iogio(reduced displacement) = 
(L80) logio<ashhcloud height) - 0.08 

Tfee cofwiatioa coefficlent is r = ©.75, which is. lower 
than for the VEI, but still significant at greater than the 95 
percent level. For this plot, ash-cloud heights were measured 
above the vent, as ofHposed to above sea level (see tables I 
and 2). The derived relation spans two orders of magnitude 
in hotb tremor ampMaide and cloud height. The scatter 
appears to be greater fean in figure !, and the correlation 
coefficient is lower, implying a worse fit. Further, there is a 
or offset in the data between about 1 .5- and 3-km height. 
Four of the seven eruptions with cloud Mghts below 2 km 
are effusive eruptions of basaltic lava. Thm, fee volumes are 
high, whereas the ash-column heights are tow. The VEI is an 
aggregate index that aver^es tli^se effects. This is prob23)ly 
the TQSsm that no simiiar gaps are seen, in figure I. 

GENERAL FEATURES AND 
UMITATIOHS OF THE RELATKJMHIPS 

Altkmgh volcamc tremor o<xars: Airaig n wly all emp- 
ticms, specific features of tremor may be difficult to forecast 
in advance. Furthermore, physical conditions, such as vent 
geometry, may change as a fiinction of time. Typically, the 
strongest tremor recorded at each volcano occurs during its 
largest or most explosive eruptions. Weaker tremor accom- 
panies weaker or !e^ explosive activity at the same volcaiio. 
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ASH-COLUMN HEIGHT, IN KILOMETERS 

Figure 3. Volcanic tremor reduced displ^ement versus ash- 
cloud height above the vent. The plotted line is a linear regcessi<»} 
fit of fte data for eraptioim in which the ash cloud reached a height 
c^3 taS: more above ije van (solid symbols). Values below 3 ktn 
(c^n symbols) were not used in the regressioR. The coneMon co- 
efficient, r, is 0.75. 

This assumes that the style of eruption remains similar. At 

some volcanoes, the first or "vent-clearing" phase of an 
eruption may be more explosive than later phases of activity. 
The vent-clearing phases are generally accompanied by 
strong tremor, whereas later phases are accompanied by 
weaker tremor. For example, many of the post-May IS, 
1980, emptions of Mount St. Helens, especially *c dome- 
building eruptions, were very similar to each other; in fact 
the similarity of precursors permitted accurate forecasting of 
many of ftese events (Swanson and others, 1983). At 
Redoubt Volcano, Alaska, several of the later eruptions of 
the J 989-90 eruption sequence were forecast, whereas the 
earlier ones were not (Brantley, 1990; J.A. Power, written 
commun., 1992). At Mt. Spurr, Alaska, it took scientists 1 1 
minutes to recognize the onset of the first eruption in June 
1992, only 3 m inutes each for the second and Aiid erup- 
tions (Miller and others, 1 992). Clearly, as volcanologists 
became more familiar with the characteristics of a specific 
volcano, a better job cm be cbne in forecasting its eruptions 
and dtominiag when m eiupti<»i is in prepress. 

Vent geometry and vent size can each affect tremor 
amplitudes for a given VEI. For example, at Kiiauea Vol- 
csm (fig. 4) (Eaton and others, 1987), when the vents are 
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FOUNTAIN HEIGHT, IN METERS 

Figure 4. Volcanic iwroor re&ised displacement versus lava- 
fotmtain hei^ TIhs solid line n^smts a iiasit rqgressim fit to 
Ae Kilaaea data. Poitsts 1 and 2 are from fissams ratiher ftan cylin- 
drical conduits. The dashed line fits these two points and is forced 
to intersect the y-axis at 1.7 cm^. Figure modified from Eaton and 
others (1987). 

more fissure-like, or less cylindrical, the tremor amplitudes 
are higher by about a factor of 7 for the same height of lava 
fountaimng. Thus, knowledge of vest geometry prior to 
eruptions can be used to help estimate explosivity based on 
tremor amplitude, but the fact that many vents change size or 
shape duriog ihe course of en^ons may rex^ke frequent 
updating of such information. For many stratovolcanoes, 
vent geometry remains relatively unchanged for periods of 
year^, such as Pavlof Volcano from 1973 to 1984 (McNutt, 
1987). Other factors tfiat may affect amplitudes are attenua- 
tion, coupling, and noalitiearity. 



NON-ERUPTION TREMOR 

This study has focused on tremor that occurred during 
known eruptions. At a number of volcanoes, however, 
tremor occurs daring nmos of no eruptions, althou^ this 
tremor is generally weak. The strongest known non-eruption 
tremor is a deep (> 40 km) tremor at Kilauea (Aki and Koy- 
anagi, 1981). Suck non-eruption tremor could couMbute 
substantially to the false-alarm rate of a warning system 
based on the detection of volcanic tremor. A threshold value, 
or critical amplitude of timor, must be defined. 

A recent study based on a worldwide sam.ple of 
tremor from more than 80 volcanoes (McNutt, 1992) 
^owed that about 60 percent of tmnor episodes accompa- 
nied eruptions of gas, ash, or lava. About half of the 
remaining tremor episodes, or 20 percent, occurred within 
tite 10 days immediately preceding or following eruptions. 



These data probably represent the upper range of the false- 
alarm r^e: 20 to 40 percent of tremor episodes occur with 
no eruption. Combining informatioi? on amplitudes, fre- 
quencies of tremor, and durations of tremor episodes could 
reduce that rate significaittly. It is not known whether tie 
amplitude of precursory tremor can be used to forecast fte 
size of an upcoming eruption. 



DISCUSSION AND CONCLUSIONS 

The resute of this paper can be thou^t of physically as 

an application of Newton's second law: for every action, 
there is an equal and opposite reaction. Ash, magma, and gas 
move up, and tiie ground defoims and vibrates in response. 
Thus, the observed relations translate the second law into 
volcano-seismology terms. The observed scatter is consider- 
able, however, and is probably caused by sttscba^c variation 
as well as fectors including vent size, vent geometry, attenu- 
ation, coupling, and possible nonlinearity. At volcanoes, we 
seldom know the size or shape of the vent at the time of erti^ 
tion, and our knowledge of coupling of gss-chaiged magma 
to wallrock is very poor. A recent example is dome-collapse 
events at Unzen Volcano, some of which were nearly ascis- 
mic, although the events produced ash clouds (H. Okada, 
oralcommun., 1991). 

Despite these limitations, however, the derived rela- 
tionships provide useful information, which must be applied 
with an appropriate level of conservatism. Two key factors 
are llie thresiK>ld or cMcd amplitaj<fe of tremor and the 

false-alarm rate. Figures ! and 3 show that ash typically does 
not reach altitudes hazardous to aircraft unless the tremor 
amplitude is S 10 cm^. Therefcwe, Siis is die critical ampli- 
tude of tremor (the amplitude above which appropriate haz- 
ard-mitigation actions would be taken). Regarding false 
alarms, it was st^ed above that, in the worst case, the false- 
alarm rate is betw-'cen 20 and 40 percent based on study of a 
worldwide sample (McNutt, 1992). Thus, if the critical 
amplitude of tremor is reached, results suggest that there is a 
60 to 80 percent chance tisat a haz»dous, ash-produciug 
eruption is taking place, but there is a 20 to 40 pearcent chance 
that me is not. 

Cleariy, some sort of confirmation is needed. This 
might be visual confirmation, if weather conditions permit, 
or a sigaal observed oa a mioofeasogsapb, l^to»g defec- 
tor, slow-scan TV, hydrologic sensor, or other device. It is 
important to note that the onset of the tremor signal either 
precedes or occurs at *e time the eti^jtion b^ias, so it is 
the first geophysical signal to be recorded because seismic 
waves travel at speeds of several kilom.etcrs per second. 
Once confiimation is achieved, the tremor amplitude and 
duration together m.ay be used to cstim»atc the likely size of 
the eruption, including estimates of the tcphra volume and 
height of ash clouds. E>ata published by Scandone and 
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Mdcm (1985) for Morat St. Helens iiastrate one example 
of how this might work. 

In i^ractice, titoe would generally be a ^me <lelay of 
several miaii^b^een fibs ot*set^temor aai;ij6 t»eft«t 
a warning cswii be tm«i Ms is because tremor and some 
low-froqumsy (xc long-period discrete earthquakes sbai* 
common onsets (Fdiier, 1983). Because, by definition, dis- 
crete earthquakes will end whereas tremor is continuous, it 
may take several minutes to determine if the event ends. In 
general, discrete earthquakes have longer dtas^oas as their 
magnitudes increase, so the verification time increases with 
event size. For magnitude 2 events, typical durations are 50 
seccai^ tBCf«asing to 3<X) seconds for magnitede 4. How- 
ever, since the rate of ascent of ash clouds is on the order of 
20 to 100 m/sec (Voight, 1981), this would still give at least 
several minutes lead time before the ash reached altitades 
hazardous to aircraft. Nevertheless, a procedure would need 
to be developed to turn off an alarm if an event thought to be 
bCTor ttumed otf to be a low-i%q[tiei!cy eai^i^t^e is^ead. 

Eruptions are not uniform processes, so tremor ampli- 
tudes and other parameters often vary by about an order of 
magnitode during a single enj^on phase. In some cases, 
tremor amplitude is high at the beginning and end of an epi- 
sode but low in the middle (e.g., Pinatubo — R. White, oral 
cofflBjaau., 1991), v^etst^&, m many o&ers, «!frfiteides begin 
small, grow large, then decline (such as Puu Oo— Koyanagi 
and others, 1988; and Pavlof — McNutt, 1987). These obser- 
vations s^gesl that esters of tephra vofame m& 
cloud height based on tremor amplitudes may need to be 
revised several times over the course of a single eruption. 

These featmres suggest a i»ict!i;^!^i^j*oaBh coiffiisftig 
of warning, confirmation, and updates. The warning would 
be that an eruption producing tephra may be in progress 
based on the identiftcsation of volcanic tremor. Then the 
reduced displacement would be calculated, the duration 
measured, and the event detected using field observations 
and other monitoring techniques, such as microbarogtaphs, 
lighttiiag detectors, or siow-aan television. A confirmstfion 
would stzte that ail eniption is taking place and would pro- 
vide first estimates of ash-column height and tephra volume. 
Alternatively, this would be the time to cancel the warning if 
the suspected eruption was not confirmed or if a iow-fre- 
cuency seismic event occurred instead of tremor. Later 
updates would estimate ash-cloud height and tephra volume 
imed on variations in tremor sanplilade. Finally, a last noti- 
fication would indicate that the eruption was over. As more 
experience is gained with a given volcano, it would be 
expected &tat t!^ Mse-alarm r^e would d^liae and ^ esti- 
mates of en^« pamn^ wo^ mpove. 

RECOMMENDATIONS 

i . For volcaio«s whm» we have no observ^oaal csptsr 
bility but where we have a seismic networit, the 



method described in ftis paper offers an importaia 
chance to determine if an eruption has occurred and if 
that en^tion produced ash that could threaten aircraft. 
Thus, it is necessary for seismologists to install a stif- 
ficicnt number of seismic stations, typically six. to 
eight stations at each monitored volcano, to determine 
eKr3»|uake and trranor so\we locations and ampli- 
tudes with confidence and to permit error resolution. 

2. Information on tremor could be important to giving 
eariy warnings mi to developing a probabilistic for- 
mat for informaitoa dissemination from volcano 
observatories to ©a^igaacy management agencies. A 
waraii^ caiiy a few miraates after tonemor is recorded 
could be based on scism.ic data alone, then confirmed 
and updated approximately every 20 to 30 minutes. 
Such a message might read, "Based on the recording 
of volcanic tremor of amplitude 10 cra^, we believe 
that there is a 60 to 80 percent chance that an eruption 
begSBi at 08;^ imm and tm^ haw prcxiwd 'asij 
clouds to heights of 10 kis ai«S a isephm volume of 
approximately 10''' m^." 

3. Volcano obswatories need to standardize the report- 
ing of volcanic tremor so that reduced displace- 
ments are routinely used. Reports of tremor should 
iKate tihe cmet time, duration in minutes, frequency 
in hertz, and reduced tremor amplitude displacement 
in cm^. Seismograph type and location should also 
be stated ^pticitly. 

4. Volcanologists need to increase the observational 
database to make Ae results more rcimt and to better 
interpret scatter or tirads depending on factors such 
as composition of the magma, vent geometry, and 
amplitude versus duration of individual tremor epi- 
sodss. The VEI scale neecb to be modified so tiiat 
more eruptions fall within the parameter boundaries, 
such as ash-column height and volume. Further, a 
weighted VEI seeds to be developed for use in avia- 
tion problems, with extra weight given to ash-column 
height and to suspended-ash volume. 
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ABSTRACT 

Etetection of volcanic ash ciouds by bofli groand-based 

and airborne radar systems is highly desirable. Airborne 
radars would provide in-flight detection of ash clouds for 
}pegioss \n*ere grouetd-based radar coverage is mt availaWe, 
aUowing for real-time pilot reaction to a potentially danger- 
ous situation. Present airborne weather radars are insuffi- 
cient for detection of volcanic ash particles or clouds due to 
the power/aperture and sensitivity limitations of these sys- 
tems. Three different airborne radar configurations, X-band 
(9.5 GHz), Ku-band (16 GHz), and millimeter (95 GHz), are 
analyzed to determine their effectiveness for detection of 
volcanic ash. Volcanic-ash-cloud detection and signal-to- 
noise nflio are evaluated as a function of operating fre- 
quency, radar cross sectioni, and range. Along with perfor- 
mance evahiation, antenna parameters (gain, beam widths) 
and waveform parameters are addressed. 

The results of the volcanic-ash-detection analysis 
revealed that a high-power Ku-band airborne radar could 
provide ftie necessary detection performance against light 
ash, given some prior knowledge of a volcanic eruption. The 
analysis also confirmed the inadequacy of existing X-band 
w«fflthfir radars for deletion of volcfflaic ash. 



MTKODUCnOH 

For the past decade, volcanologists, meteorologists, 
and engineers have studied the effect of vol<amc ash on air 
traffic safety. It has been well documented that aircraft fly- 
ing into a volcanic ash cloud increase the risk of a major 
accident due to engine failure (Brantley, 1990). The air- 
borne detection of a volcanic ash cloud would warn the 
pilot of potential danger ahead. During daylight hours, ash 
clouds can be visually distinguished from normal rain 
clouds; however, daring night qperations, pil<«s have no 
means of ash-cloud detection. Cosvestional X-band air- 
borne weather radars (table 1) are specifically designed for 
detection of severe natural weather phmommi rather than 
clouds of very smdl dielectric particles. 

This study ad<fresses the limitation of existing radar 
sy^ems and an ideal, conceptual rad« design based 



on the technology that exists today and will exist in the 
&ture. The radars selected for analysis contain parameters 
(jpoww, antenna gain, beam vddtJis) ftat are typic^ of many 
wealJier radars in existence today. 



APPROACH 

A detailed radar analysis was performed for the detec- 
tion of volcanic ash clouds. He sttidy was subdivided into 
the following areas: 

A. Ask detection design comideraiims. — Aress of 
study included (1) operating-frequency selection, based on 
reflectivity per unit volume and atmospheric attenuation, and 
(2) power/aperture limitatims. 

B. Detection-range performance. — Typical radar 
parameters from existing commercial and military weather 
radar systems were used in the analysis. Signal-to-noise ratio 
was calculated to determine detection-range perfomaace 
based on the reflectivity of volcanic ash. 

C. Configuration summary matrix. — Advantages and 
disadvantages of each of the radar operating frequencies that 
were analyzed for volcanic ash detection were summarized. 

D. Airborne radar technology advances. — ^Af^licabtl- 
ity of the latest airborne radar technology advance to volca- 
nic ash detection was addressed. 

E. Ideal conceptual-design requirements. — Airborne 
radar conceptual -design reqaironents were developed based 
on existing technologies. 



ASH-DETECTION 
CONSIDERATIONS 

The detection of volcanic ash clouds is very difficult for 
an aiitxsne w^^m rate <fee to tike voy few wd^ex£v^ of 
ash-particle clouds. The reflectivity is orders of magnitude 
smaller than the reflectivity of light rain. Ash-cloud detec- 
tion is also limited by the very low power/aperture products 
of existing airborne weather radars. This section will address 
each of these effects. 

The detection of volcanic ash is highly dependent cm the 
Operating fis^jat^myy of fte radar l^ii^,„the reflective ..per. 
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Table I. Conventional airborne weather radars. Table 2. Atmospheric attenuation at 4-km altitude. 

P'tom Business and Commercial Avi^on, 1989; Biake, 5990] [FronjNathaBSon, 1991; Nord« Systems, Inc., un^. dte] 



Ra<iartype 


Existisg sens«s 




ppcr^i£bsg 




Ccmmercial 


Primus 500 


X-band 








Prinms 708 


X-band 


X-band 


0.02 




WXR-7<M) 


X-bmd 


Kii-ba^ 


....0.03 


Military 


AH/Are-133 


X-basd 


95 GBz 


0.2 



unit volume of ash is inversely proportionai to wavdes^. 
The reflectivity per uait voiume (tj, in units of in"') is com- 
imted using tbe following eqpatton (Nathanson, 1991): 



5 

n = -M^'z (1) 



m 



£-1 



■ =0.36=(l!ght ash fall); Z = ZD (2) 



where 

X is the radar wavelength, 

s is l&e ^electric coasynt: of a ^lim^id, and 

D is the diameter of a droplet or particle. 

The reflectivity for three rainfall rates (16 mm/hr, 4 
mm/kr, and I mm/hr), dense ash cloud, and %!«: a^all were 
computed as a function of the radar operating frequency, 
based on parameters given in Harris and Rose (1983) for 
dense ash cloud, Harris and others (1981) for light volcanic 
ash, and Nathanson (1991) for rain. The results are given in 
ligare 1. Note, for rain, Z is expressed as Z= ar^-^, where r 
is the rainfall rate in mm/hr and a is approximately 200. For 
fi«^»ncies ^ve 35 GHz, the data were extrapolated from 
daia of R. Crane and H. Burke, presented in Nathanson 
(1991, p. 216-218 and 232-234). 

The reflec^vity of lij^t ash fell is a|5>roxiinately 40 
dB (lb* taiies) to 25 dB (320 times) smaller than the light 
rain (1 mm/hr) condition. Based on reflectivity alone, 
higher ftequaicy radars will yield better detection due to 
stronger backscatter. 

Atmospheric attenuation is also a function of operating 
frequency. Attenuation is inversely proportional to operating 
fr^aeacy. The roimd-trip atmospheric attenuation for X- 
hmd, Ku-band, and 95 GHz is given in table 2. 

Both reflectivity and atmospheric-attenuation results 
fcs- sel«jf»d c^fNwata^' iwq^ssies^ were iiKj<aporat«i into 
the <i^^Jtim-range-perfonnance analysis. 

Th^ mbome radar systems power/aperture product 
aisoc<a«ril»^to<fetecti<»p©rformmtce. Tliepower/^jer- 
ttae prodJK^ is the product of the radiated average power 
ajsd aatensa gain of the radar. The larger the power/aper- 
tmt preset, fl» gteaflsr t|je d«S»cti<»i performance. The 
pQVi?<B5(aperture product of airborne weather radar systems 
aie limited by the size, weight, and cost of the sensor. Con- 
ventional aiibome 'wes&i&t radars utilize Mgh-p^-power, 



iow-duty-<g'cle transmitters producing very low average 
power. High-average-power transmitters, which are used 
on aSvmc&d military multi-mode radars, are heavy mi too 
expensive for commercial application. As tecImol<^ 
propess^, fee weight and cost of high-avffitage-pow«r 
trasemtttea^s tossy be rediiced to a letml litat is accqptable for 

&fodBBum antenna gain is determined by the largest 
physW mesa, available for ise antenna ^ertsjre. Conven- 
tt<Hial w^a&er radars are locs^ in ftte nose of ^nsafi 
to provide for maximum forward-looking surveillance cov- 
erage. Tbs physical dimensions available for tlie antesaa 
^>erttii« is Id by 10 inches in small aircraft md 30 by 30 
inches in larger aircraft. For a constant area, antenna gain 
is only a fimction of opeiafejg ftequmcy. The gain is 
invoRSdiy piic^rti(»}al to wavd^ai^lt. 11er^<»s, hi^hsa- 
operating frequencies will yield a highear sarteina gain. 
Antenna gain as a fonction of operating fre«pa[K^ was con- 
S!dffl?ed in I3}e d^cti<» analydls. 



DETECTION-RANGE PERFORMANCE 

To determine the detection-range performance of vol- 
canic ash clouds, the signal-to-noise ratio is computed. The 
g^eric signal-to-noise ratio (SNR) equation is given 
(Barton, 1976, p. 110-114): 
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X-band OPERATING FREQUENCY, 
Ku-band IN GIGAHERTZ 

Figure 1. Reflectivity versus radar operating frequency for rain 
at^ volcamc ash. 
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SNR= ^ (3) 

where 
Pp is peak power, 
X is the transmitted pulse width, 
iVis the tBts^tioa gam, 
C is dte aatema gain, 
X is the wa¥eleag&, 

Of is fee radar cross axtiois in resolution cell, 
KT is tibe thermal noise factor {K is the Boltaanaim con- 
stant; r is the absolute temperatare), 
Fn is the noise figure, 
Lfjp is the hardware and processing loss. 
La is the atmospheric a^nuation (two-way), and 
j? is fee range to faKget or clatter. 
For a point target, such as an aircraft, truck, or building, a is 
the nidar cr<^ se<^(»i of ^ sgodfk tscget. Because volca- 
rdo-ash-ciotKi detection is ba^ on a distcib^^ target, 0 is 
a vofumetiic radar cross s^on. Therrfore, the voiimietric 
signa!-te-i»}lse ratio eqoatJon is required. 

Hie voimtetric radar crc^ section elation is given by 
(Eaves and Reaiy, 198^^: 

0 = TiF (4) 

where 

C is the radar cross section in the resolution cell, 
r\ is the radar reflectivity per unit volume, and 
y h the voitiise of ^ isasdW^ cei. 

The volume of the rea}tati<8i eel! is compttf^ by (Eaves 

and Reedy, 1987): 

V = -.I^U^elWr (5) 
4 

where 

Qaz is the azimufe beam widfe, 
Qel is the elevation beam width, and 
Wr is the range resolution. 
The vdumetiic sigBal-to-iK>ise ratio eqaati<HS is given by: 

SNRv= ^3 (6) 

256X BrKTFnLjipLa 

The conventional airborne radar configuration parame- 
ters that were utilized in the detection analysis are given in 

The signal-to-noise ratio was calculated as a function of 
detection range for the four radar configurations based on the 
!ight-ash refiectivity previcmsly comprt^. To acMeve 
detection of the ash cloud, a signal-to-noise ratio (SNR) of at 
least 6 dB is required. The SNR detection plot is given in fig- 
ure 2. Tbi perfonnaace of the 95-GHz radar is v«y poor due 



Table 3. Conventional airborne radar parameters. 
JRatepansroctcrs are hassi oa various, existing suifoome radar syssenris. Az, azimuth; 



Average power (W) 


3.4 


65 


65 


4.5 


Aatenaa gain (dB) 


34 


33 


37 


49 


Az. & dev. b»n width (") 


4 


2.9 


1.7 


0.35 


Ratsge reaslution (m) 


525 


750 


750 


60 


Reflectivity factor (mm^/m^) 


0.1 


0.! 


O.I 


0.1 


Refractive index 


0.36 


0.36 


0.36 


0.36 


Noise figure (dB) 


7 


8 


8 


9.5 


Hardware & proc. loss (dB) 


4 


4 


4 


4 


Atmos, loss (dB/km) 


0.02 


0.02 


0.03 


0.2 



Commercial weather radar. 
2ABS-133. 
^ Scaled APS-133. 



to the low average power, large atmospheric attenuation, and 
sm^l azimuth beam wid^. The commercial X-band radar 
has very low SNR due to veiy low reflectivity and low aver- 
age power. The military X-band radar has better perfor- 
mance feaii fee commercial radar due to 13 dB of greater 
average power. This radar would be abie to <tetect ash clouds 
at af^roxima^y 10 fan — this is too close to prevent paietra- 
tion into the cloud. The best performance would be achieved 
with a scaled Ku-band weather radar, due to greater imsm& 
gain and laiger ash reflectivity. This radar would ash 
clouds out to approximately 25 km. For the desired detection 
range of 75 km, 10 dB in additional power/aperture and (or) 
iategratsGU gais woii!d^l»'ii©^ied. To achieve I # dB of is^ 
gration gain, the radar scan ra*e would be reduced to approx- 
imately l/18th of the normal scan rate. This new scan rate 
could be utilized in a sapecial a^-detection radar mode. 
BjKed <»i detection-range-performance analysis, existing 
ccasv«trtbaal airborne weafeer radar falls well short of 
achieving accept2d)Ie a^ detecttcm. 



COHCLUSI0HS 

The results of this detection analysis reveal that severe 
problems exist wife fee airborne detection of volcanic ash 
clouds. Each of the radar operating frequencies analyzed 
offers advantages and disadvantages for detection. A con- 
figurati<«j s»SBBiary is giv^ In trt>le 4. 

Even though most conventional airborne weather radars 
arc at X-band, this may not be the optimal frequency band 
fi» volcanic ash detection. Bas^ on fee resulfe of this study, 
a high-average-power (at least 500 watts) Ku-band radar 
could provide the necessary detection performance. How- 
ever, to insure detection, tl» airborne radar sensor would 
requite a pior knowledge of a volcanic emption. The radar 
would HKtkie a special radar mode of operation when volca- 
nic ash is expected in the area. The antenna would be tilted 
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Tabte 4. Stanmary of radar operatag ftequencies. 



Configaratior! 


Advantage 


Disadvantage 


X-imd 


•£xMi];g cmwmcM mi military- 

•High power transmiuers used on 

mUitary maltimode airborne radars, 
•li^t atmosphOTc ml ms. aSimm^m. 


♦Small reflectivity per smit vobxms. 




♦Existing military equipment, 
•i'ligh-power ttaisaaiittsrs used m 
militaiy nsultiiaodie airbon^ radars. 


♦No commercial weatiiar radars at 

this band 
♦Ikavy £^i!Kx^^^)^ric said xsm 


95 GHz 


♦Large reflectivaty per unit vdame. 
•Light weigM. 


♦Low average power transmitters, 
•Very heavy rain attenuation. 
♦NaiTow beata widths. 



up to elimisate ground-clutter effects, and an optimized 
■waveform for close-in range mrveBlmix (aboirt 75 Jem) 
wotild be transmitted. The antenna scan rate woald be 
reduced to allow for maximum integration gain. Advanced 
signal processing techniques could also be emplc^ed for vol- 
canic-ash-cloud discrimination. Doppler processing, wave- 
form ptilse-code matehing, and pcferization tivetsity could 
be utilized for particle detection and identiicatiia. These 
areas will be a topic for fiutiier study. 




0 10 20 30 40 S0 60 70 80 



RANGE, IN KILGM^ETERS 

Figure 2. Signal-to-noise ratio (SHR) vmm tSB&S fx mAtxcm 
detection of volcanic ash by radar. 
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ABSTRACT 

Ground-based meteorological radar systems have been 
very use&l at tracking ash clouds for distances of several 
hundred kilometers from the radar station; however, aircraft- 
based radar with wavelengths of several centimeters does not 
detect volcanic ash clouds because ash particles are gener- 
ally smaller than raindrops. Of even greater importance, 
ground-based radars represent the best known method for 
detennining the height of ash clouds — these data are central 
to mitigating ash-cioud hazards. Although radar observa- 
tions of ash clouds have been made only with radar systems 
d^gned for th«mderstofms, it may be possible to design a 
vokaiiic-cloud radar system that would optimize parameters 
for volcanic clouds. An optimal system should have a wave- 
let!gllt range of 3 mm to 3 cm, a range of about 3<K) km, a 
Doppler capability, and it should be portable. A principal 
contribution of ground-based radar could be the real-time 
determination of volcanic-cloud locations in three dimen- 
sions. Such data could be overlain on air traffic control mon- 
itors and could serve as initial input to cloud-dispersal 
models to allow trajectory forecasts for the first few hours 
after detectioit 

INTRODUCTION 

Meteorological radar is a familiar tool for aviation. 
Ground-based meteorological radar systems exist at many 
airports to locate major storm clouds, and airborne radar sys- 
tems help pilots avoid rain clouds. Recently, Doppler radar 
sysfems iave been installed at aii|x>its to help identify wind- 
shear hazards. This paper is directed to the problem of how 
radar systems can help with the mapping of volcanic ash 
clouds. We review some uses of ground-based radar systems 
during ash eruptions and make recommendations about how 
radar systems can best contribute to a comprehensive plan 
for mitsgatii^ aviaaScm hazards from ash clouds. 



METHODS OF STUDY 

The use of radar to observe ash eruptions is not wide- 
spread, in the United Stat^, radar was used during the 1976 
eruptions of Augustine Volcano, Alaska (Johnston, 1976; 



Kienle and Shaw, ! 979). During the Mount St. Helens activ- 
ity of 1980-82, we had the opportunity to collect observa- 
tions using National Weather Service (NWS) and Federal 
Aviation Administration (FAA) radar systems. These results 
were reported in detail by Harris and others (1981) and Har- 
ris and Rose (1983). A summary of those results is useful 
here to provide a basis for recommendations. 



SUMMARY OF RESULTS 

The May 18, 1980, eruption of Mount St. Helens pro- 
duced an extensive ash cloud that was detected and mapped 
by the geostationary operational environmental weather sat- 
ellites (GOES) and FAA radar systems (fig. 1). As the data 
show, the radar detects a smaller, presumably denser, p<ation 
of tiie ash cloud than that detected in ibs GOES image. Sub- 
sequent eruptions of Mount St. Helens during 1980-82 pro- 
duced ash clouds that were much smaller than the May 18 
cloud. Some of these ash clouds were mapped by NWS radar 
at Portland, Oreg. The smallest eruption detected was the 
March 19, 1982, event, which was estimated to have pro- 
duced about 4x10' ^ g of ash and, more importantly, lasted 
only 30-40 seconds (Harris and Rose, 1 983). This esniption 
duration is 1,000 times shorter and its ash volume is more 
than times smaller ftan the SxlO^^-axlO^"* g of ash 
produced on May 18, 1 980. These data attest to the ability of 
meteorological radars to detect ash clouds that span a wide 
range of scales. Both of these eruptions probably had radar 
reflectivities that lie near the lower end of the wide dynamic 
raage that is detectable by ground-based meteorological 
radar systems. 



ASH-CLOUD DETECTION 

Ash clouds and thunderstorms cause backscatter of 
some of the radar energy that is incident upon them. The 
reflectivity of a radar target is a Junction of the ai^mdance of 
particles and their scattering cross section within the target. 
The reflectivity, r\, is the summation of the backscatter cross 
sections of the particles per unit volume averaged over the 
radar pJse volume (Atlas, 1964). Fca- solid ^hmc^ 
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particles smaii enough to obey Rayieigh scattering, the back- 
scattered reflectivity is eqaal to: 

^,__x|— (1) 

where 
X is the waveiesgtJi, 

£ is the dielectric constant of the refl<«ting particles, aad 

r is the radius of spherical particles. 
Hie exprwskwts for tbe received power (F^) from a tar- 
get composed of randomiy disftiteted particles (Bx>bert- 
Jones, 1962; Serafin, 1990) is: 

' I6ia2 ^2 ^2 8 + 2 

where 

Pq is the peak transmitted power, 

h is the radar pulse length in space (distance), 

G is the actual gain of antetuia, 

6 is the horizontal beam widfih to tiiie -3-dB level for oJie- 
way transmission, 

^ is fee vertical b«8a width to tlje -3-dB level for one- 
way transmission, aad 

R is the range. 
Souie of iie im^mm^ charjKteisScs of ash dtea^ 
from the aviation perspective were reviewed by Rose 
(1987). Radar-target parameters calculated for a thin ash 
d<md ftjrt was samfrited by a riesesrch aircraft (Rose aad 
others, 1980) were compared by Harris and others (1981) 
with analogous parameters for warm orographic rain and 
thundershowers. The rei&active tedex factor in equation 2 
Qe-I/e+2p) for ash (0.36) is higher than for ice (0.197) and 
lower than for water droplets (0.93), and the sizes of parti- 
cles in ash clouds are probably generally smaller than water 
droplets in rain clouds. Because of the term in both 
equations, ash clouds generally are not as pronounced a 
radar reflector as storm clouds (the reflectivity factor is 
equal to 2)(2r)* the sammation of the sixix power of the 
particle radius for all the particles in a unit volume of target 
i^ace). It is also for this reason that airborne radars, which 
lave much lower transmitted power than ground-based sys- 
tems, do not d^ct ae* closes w^. 



CLOUD HEIGirr 

In addition to being useful for mapping the dense inte- 
riors of adi clouds, grouad-based radar systems have also 
produced data about the heights of ash clouds (fig. 2). This 
data is obtained by observation of the range-height indicator 
ORHI) on the radar system, which c^ detee* a simp top 
boundary of the eruption cioad, particulariy above the vent. 



This data is very valuable because the eruption-column 
height is a measure of the rate of eraption of magma (Wilson 
and others, 1 978). Thus, a series of column-height measure- 
ments allow the mass and dynamics of an eruption to be 
dii«:^y aionitored. 

When an ash cloud is dispersing in the atmosphere, the 
altitude of the cloud top above the vent represents informa- 
tion that is essential to aviation. Other methods of obtaining 
this data »e flawed, particularly at stratospheric heigfets. 
Satellites are a proven way to track volcanic clouds (Krue- 
ger, 1983; Matson, 1984), and the satellite remote thermal 
sensing data of tl^ temperature of cloud K^s is very m&M 
for determining the heights of clouds in the troposphere, 
where temperatures decrease regulariy with height 
(Hol2«ek and Rose, 199!). However, ^Isllite rmote-sens- 
ing methods do not always result in a unique solution for 
cloud-top heights at stratospheric levels, where tempera- 
tures & not deci«a» ^regiriarly with hej^ght-fSdsaeider ml 
Rose, this volume). Thus, radar systems appear to offer one 
of the best ways to obtain dependable column-height data. 
Because these data are vital inputs to dispersal models that 
forecast the movements of drifting clouds (Carey and Sig- 
urdsson, 1982) and are ne«ded for volcaaolofic reffions, a 
radar system j^sp^rs to offer an iiraportarrt cap dbilify to 
addra^ ash cl<«id-aviation prcWan, 



CLOUD STRUCTURE 

A potentially critical contribution of radar systems to 
volcanology is the possibility of doing detailed study of the 
proximal strjcturc of volcanic clouds. It is likely that direct 
observations of the "umbrella" region of eruption clouds 
(Sparks ^d others, 1986; Self and WaHcer, this volume) can 
be made using radar and that variations in eruptive activity 
can be directly monitored. Radar can also detect high-refl«;- 
tivity regions below the main volcanic clouds that repi«sent 
eady .fettwit of coarse particles. It can also be used to mea- 
sure apparent wind speed by detecting ash-cloud drifting and 
using a Doppier capability. 

M^ing and hei^ (fetenminatlons are the two sim- 
plest measurements that have been demonstrated by ground- 
based radar. It is also possible to recogiize levels of reflec- 
tion, as shown in the 16:40, 17:40, and 18:40 PDT (Pacific 
Daylight Time) images for the May 18, 1980, Mount St 
Helens eruption (fig. 1). From these basic radar data, it is 
possible to determine or estimate a number of useful param- 
eters such as: (I) the duration and rate of the emption as a 
fonction of time, (2) the three-dimensional distribution of 
particle concentrations in the ash cloud, (3) the total mass of 
a& in tli^ ck»ud, and (4) &e locations and amcmnts of ^h&ll 
(Harris and Rose, 1983). 
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Figure 1. Shape and stractore of May 18, 1980, eruption cloud from Mount St. Helens (X), as depicted by Seattle and Spokane radar 
systems and NOAA geostationary weather satellite. The solid line outlines the visible cloud as observed by the weather satellite. Hourly 
tracings of radar reflections at level 1 are shown as light patterned areas; level-2 reflections arc shown as dark patterned areas. Times 
shown are Pacific Daylight Time (POT). Figure from Harris and others (1981). 
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A RADAR SYSTEM FOR 
VOLCANIC ASH CLOUDS 

We now consider the feasibility of designing a radar 
system capable of detecting and monitoring volcanic ash 
clcm^. fat ord^ to fcxm m ^esiiai i^byrfcs, we con- 
centrate oa the scattOTJjg process. The natural approach is to 
analyze the scaling allowed by the scattering equation (eq. 
I). For a single particle, and in the Rayleigh regime appro- 
priate for small particles, the backscaaered reflectivity, r\, is: 



11 = 



Jt 


£-1 






S-f 2 





(3) 



where 

D is the diameter of the scattering particle. 
There are Aree fiictors to consider here: wavelength 
dependence, particle-sizc dependence, and the qua- 
dratic dependence on the dielectric constant (g) of the 
reflecting particles. 

Because we argae here that a'^oiter wavelength radar 
will be needed for voicanic aj^IicafiOiis, we flie s val- 
ues for these wavelengths. A reprei^irtative vaftie at 35 
GHz (about 8.6 mm) can be found in Ulaby and Elachi 
(1990). The permittivity (real part of e) is given between 
2.6 and 9.6 for volcanic materials (the imaginary part of £, 
the loss tangent — Ulaby and Elachi (1990)— is generally 
between 0.01 and 0.05). Calculation of the (£-l)/(£+2) fac- 
l»r shows tisat siie voJcanic-ash edio is &hoiA 1.7 to 4.4 
tim.es weaker than that of water, the rest of the conditions 
(size, distance, and wavelength) being the same. Let us 
t3^«fore assiane that liie ash-detection system has a better 
sensitivity (e.g., a three-times-SEnaller minima! detectable 
sigsal) than a typical weather md go on to consider 
flie wavelangtli and size^^eridence. 

In the dipolo (small-particle or Rayleigh) approxima- 
tion, the backscattered intensity is proportional to the sixth 
power of the diameter (eq. 3). Thus, the largest ash particles 
present in the cloud are the main scatterers. The size distri- 
bution usually contains many fewer large particles than 
small ones because they typically have a lognorroal distribu- 
doss. The mmiber of small particles does not increase fast 
enough to counteract the dependence on Therefore, for 
this discussion, it is sufficient to assume that we ded with 
particles of a single size in tjte cases to be companed (e.g., 
rain and volcanic ash). 

Evm kk feeawiest of ralm (150 mm^r) tib«e are so 
more than a 1 ,000 large drops between 4 and 5 mm in diam- 
eter per cubic meter. However, a volcanic ash cloud with an 
ash cojK^ntration of 1 g/m^ mi^t have aboia 100,000 parti- 
cles per cubic meter with sizes of 40 to 50 .am. The maxi- 
mum size depends on the stage of cloud development, 
among other factors. 
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Figare 2. Heights of the .May 18, 1980, eruption column at 
Mount St. Helens, as determined by Portland radar. Heights are 
.'clativc to sea level. Base value (triangle) is plotted at time eni^ 
tion began at approximate altitude of the vent; it is foltowed by a 
\^tje &at excee<k!d fte limit of tte radar systan (da^ied line). 
Times shown are Pacific Daylight Tone (PDT). Figare ada^ed 
torn Harris and others (1981). 



In order to demonstrate the extreme sensitivity of radar 
c4«m«^k»s *© l^fk^, cosssi^^e S^owin^ two cases: (!) 

largest raindrops of 5 mm and ash particles of 0.05 mmi (seze 
ratio, SR, equals 100), and (2) largest rain drops of 2 mm 
ak^e^ with 200-,Lim. (0.2-mm) ash particles (SR = 10). We 
assume, for simplicity, that the number of ash particles per 
unit volume in both comparisons is 100,000. 

la case 1 (SR = 100), tihe reflectivity per particle is 

lower by a factor of 1 0~' ^ for the ash than for rain because of 
the factor. There are 100 times more ash particles per unit 
volume, vMchlmvf^afadmof fe<wdertocQmpe®- 
sate for this lowered reflectivity with the X** dependence, one 
must take a fourth root of 10"^^, which yields a wavelength 
(0.6 mm) that is 178 tin^ smaller Aas that of a typical 
we^er radar (10 cm). 

However, repeating the same calciritetions for case 2 
(SR = iO) yields the decrease of X by a factor of only 10 
(i.e., 5-mm radar). This is encouraging and probably 
explains the reasons for using millimeter radar in cloud- 
physics research (Aflas, 1990; Saiv^eot, 1992). Thus, at 
the number density of 100,000 particles per m^ for ash, 
200-p.m ash particles can be detected 50-1 00 km away (in 
the clear troposphere) by a miHimeter weaflier radar sys- 
tem, but 20-!im particles cannot be similarly detected. This 
explains previous observations that describe the visibility 
of: an as* cioud on a radar monitor aui: its ■ gradual disip- 
pearance as larger particles fall out of the plume. The major 
disadvantage of millimeter-wavelength radars as opposed 
to c«Qt!m«er radairs is the high atmospheric absorption by 
oxygen and water vapor (Sauvcgeot, 1992, p. 103). How- 
ever, the range can be improved considerably by operating 
in atmospheric "windows" of 35, 95, 140, and 220 GHz, 
e^ecially for near- vertical -pointing radars. 

Ideally, a ground-based radar should be placed at a site 
within range of the volcano and neaiby airports where 
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aircraft would be landing and taking off. An operating 
range of 300 km would be very useful and would allow 
flexibility for is^aliatiGn at a site wife power md road 
access. Poitabilttjr w)uM"Be diiaTalile Ikicittse' permarj«rt 
sifirig 'ofa radar would experietice tie di^idwa^ge "6flmg 
repcms tewees perfaxfe of activity. R>r exmt^, a moWle 
radtor m Atela couM1?e placed at Keiiai i^jetweeii Redoubt 
Volcano and Anchorage) during Redoubt or Spurr activity 
artd could be moved to Homer (between Augustine Vol- 
cano aad Anihoiage) ia the event of activity at Au^stine 
(Hufford, this volume). 

Radar operators can be trained to identify ash clouds. 
Positioiss of potentially active volcanoes should be ^s- 
played as an overlay on radar monitor screens. Coordina- 
tion with volcano observatories that monitor seismicity 
should be arranged so feat radar operators are informed 
when emptions are expected. Periodic, automated azi- 
muthal and elevation scanning using an algorithm to elimi- 
nats ground clutter and to detect (^ange could be 
performed as a useful routine procedure at radar systems 
with active volcanoes in range. Routine schemes should be 
designed to Bi«»sare asd teadk {efe cioB^ a»tOsm^caHy or 
semi-automatically once they are detected. 

Other useful features of a volcanic-cloud radar system 
would be E)oppler and polarimetric capabilities. If tte as- 
tern were equipped with Doppler features, signal processing 
could extract radiai-velocity information in the form of a 
Doppler power spcctram, which is related directly to the par- 
ticle-size distributions in the ash cloud. Tne lack of informa- 
tion about grain size of the particles in the cloud presents a 
serious oncertainty that has been ignored in previous discus- 
sions. Thus, a Doppler radar would clarify an important 
uncertainty about ash clouds. Polarim^ric tadsis are useful 
in shape analysis of particles. Because we are uncertain 
about the shapes of particles as feey move in the drifting 
cloud, polarimetry could be a potentially important capabil- 
ity f<H' a voteffic-ai^b-cioi^ radar isji'stei. 



CONCLUSIONS AND 
RECOMMENDATIONS 

Ground-based meteorological radar systems can pro- 
vide valuable tmsking infOTmat!<Mi on drifting volcanic 
clouds at ranges of 50 to more than 500 km from fee radar 
unit. Such ground-based radar systems currently offer the 
best known method of determining eruption-cloud heights, 
{^rticaiariy if Hie ash cloud leaciKS the ^tosphere. During 
eruptions ftis information is vitally t^ded in real time for 
accurate plume-dispersion fonx^ts and aviation routing. 

A radar syrtem (ksigned for volcanic-cloud detection 
and tracking should probably have a wavelength in the 
range of 3 mm to 3 cm and a range of at least 300 km. Vol- 
canic-cloud radar systems should be portable because long 
volcanic r^)0se periods will likely occur during fee life of 



the instrument, and relocation may be desirable to monitor 
other eruptions. 

Doppler radar systems now available offer the possibil- 
ity of sensing the particle-size distribution in a volcanic 
clcw4 information feat carmot be easily obtained in other 
ways and feat is iraportart ia asse^ng ash-cloud hazards 
mi dispersion forecasts. 
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TRACKING OF REGIONAL VOLCANIC ASH CLOUDS 
BY GEOSTATIONARY METEOROLOGICAL 
SATELLITE (GMS) 

By Yosihiro Sawada 



ABSTRACT 

Visible and infrared images from the Japanese geosta- 
tionary meteorological satellite (GMS) have detected ash 
clouds generated by large volcanic eruptions in Kamchatka, 
Kurile Islands, Japan, Philif^ines, Indonesia, and Marianas 
since its launch in late 1 977. Even though the GMS detection 
rate of ash clouds for eruptions that occurred within the GMS 
field of view was monad 13 percent, ash clouds that are 
ejected to high altitudes, sere widely dispersed, and may 
Areaten aviaticm s^ety, have been tracked well in GMS 
images. Discmnination of sdh clouds from atmospheric 
clouds and the tracking of small, Asr ash clouds were not pos- 
sible due to the limitations of the GMS's detector for spec- 
trum analyses and ground resolution. Tentative estimations 
of jJtitad^ of cloud tops and tibemnal ei^rgy releases of erup- 
tions have been ma<k from analy^s of the irragery data. 



INTRODUCTIOH 

Using visual observations from the ground or air, it is 
very difficult to observe and track the extent of volcanic ash 
clouds that are widely dispersed at hi^ altitudes. Satellite 
imagery offers the c^pporttmify for viewing large regions 
covered by ash clouds (Sudradjat, 1989). The GMS carries a 
detector known as the visible and infrared spin-scan radiom- 
ete (VISSR). The ^und r^ltaiM of VISSR is 1 .25 km 
and 5 km in the visible and infrared bands, respectively, and 
the wavelength is 0.5-0.75 um for the visible band and 
10.5-12.5 ]im for the infiared band. Whereas ibe GMS 
detector's ground resolution is limited, it has a very wide 
field of view, and its short time interval between images 
compared to that of polar-orbiting s^lites mskes it very 
effective for tracking eruption clouds. 

Through careful examination of GMS images, the rate 
of detection of ash clouds within the field of view of GMS 
has been evaluated. Estimates of the heights of tops of ash 
clouds were determined by analyses of GMS's digital data of 
iijftared images. The results are applied to estimates of ther- 
!I3^ m&^Y release by clcwds in ordbr to evaUia^ the 



strengths of volcanic eruptions. Variations in eruption inten- 
sity are judged by evaluating intensified or weakened ash 
clouds over the volcano. Heights of cloud tops, estimated 
from image data, are compared to those observed from the 
ground, and discrimination of ash clouds from ambient atmo- 
spheric clouds is attempted using combinations of visible and 
infrared digital data from ash clouds and atmospheric clouds. 



METHODS OF STUDY 

Detection and tracking of ash clouds for a number of 
eruptions between 1977 and 1991 were conducted by care- 
fully examining successive GMS images near volcanoes, 
foliowing notification of big volcanic craptions (e.g., 
Sawada, 1987). At first, existence of voIcanic-Iikc clouds 
very near or over the volcano is sought in infrared images, 
then it is checked whether the volcanic-like cloud a^pms in 
the visible image during day time — in this case, the top sur- 
face of an eruption cloud containing ash particles may show 
a dadc-toned surface compared to amUmt atmo^heric 
cfouife. Drift direction of the ash cloud is determined by 
exarofciaag a sequence of images, and the width and length of 
the ash. cloud are measured. Durati<m of die volcanic erup- 
tion can be judged by inspecting whether the ash cloud con- 
tinues to originate at the site of the volcano or whether it has 
afeeai^ mi moved away ftom the volcano. 

Estimation of the altitude of the ash cloud is made using 
the assumptions that the top of an ash cloud under the tropo- 
pause shows the coldest temperature and the surface temper- 
ature at high altitude coincides with ambient air temperature. 
Therefore, the height of the top of an ash cioud can be esti- 
mated using the air-temperature profile from radio-sounding 
otewfj^kfiss s^aff ie voicao (Sawada, 1983a, 1983b, 
1985a, 1985b, and 1987). 

Evaluation of the stiiength of a volcanic eruption was 
made by estimating fte thermal m&cgy released by fte ash 
cloud and by applying the following experimental equation 
pasposed by Briggs (1969) for ihe. case of a thermal plume: 
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(0.0264) (Aifp) (1) 

where 

Q is the Ihmnai «ae^ relea^ pte iauii^awatts, 
M is ti© li^gto <rf isb cload to meters &hOvt crater, 
u is the mean winfl veiodSy id me&ks per second at the 

top altitude, mi 
X is the horizontal distance from the crater in meters. 
The horizontal distance is used under the condition of x < 
50^, where h is fte altitude of fee ptame source, even 
tihough the limiting condition for applying Briggs's equation 
isx<, lOk. The duration time of the volcanic explosion was 
estimated based on analyses of eraption-cloud date and 
from published information from the bulletins of the Global 
Volcanism Network (GVN) of the Smithsonian Institution 
(McCIeliand, this volume; McClelland and others, 1989) 
and from the Bulletin of Volcanic Eruptions (BVE) pub- 
lished by the Voicanological Society of Japan. The thermal 
energy release {E&,. m ergs) by ejected imtei^s was calcQ- 
lated in the case of juvenile materials by the following equa- 
tion, proposed by Yokoyama (1957), using abbreviated 
values for fee parameters in fee equatk>n proposed by Naka- 
mura(1965): 

Efe = (AO ((rc) + H) (4.18x10^ (2) 



where 

M is the total mass of ejecta in grams, 

T is fee diflfepei¥» m twipestee (asaimed to be 6<K>°C) 
between ejected materials and ambient air teipera- 

ture, 

C IS the specific heat (0.25 caI/g°C), and 

H is the latent heat of melting (10 cal/g). 

Discrimination of ash clouds from ambient atmospheric 
clouds was tried using numerical data for albedo and the 
temperature of surfaces for both ash clouds and atmospheric 
clouds because several examples of ash cIoikIs showed daik- 
toned surfaces in visible-band GMS ims^^. 



RESULTS AND OBSERVATIONS 

Ash douds produced by strong eruptions at 23 volca- 
noes have been detected in GMS images through 1985 
(Sawada, 1987). Hiereafter, ash clouds from large erup- 
tions at nine volcanoes were detected through June 1991 
(fig. I). Table 1 is a list of eruption clouds detected in GMS 
images. Examples of ash clouds detected after 1986 are 
shows in fipires 2-7. 



Table 1. List of major ash clouds detected with GMS images, iSecember 1977 througji June 1991. 
[CMS, g<!ostati<a«ay meteoioiogieai sataiiite. as.!., above sea ievel] 







Data pcrtamins to highest ash 


cloud 


1^ 


Voicaao 


Cloud top 




Width 






(km a.s.L) 


(km) 


(kffl) 


tm 


Apr. 27-May 25 


Alaid, Kurile Is. 


12 


2300 


270 


May 14-15 


Pagan, Mariana Is. 


16 


250 


220 


Ajsr. 5-Oct 14 


Galun^oBg, M-m 


18 


150 


90 


Aug. 26-Nov. !0 


Sopulan, Siiawesi 


i5 


170 


70 


Oct. 24-25 


Lopevi, New Hebrid^ 


13 


190 


80 


My 23-Aug. 26 


Una Una, Sulawesi 


17 


160 


120 


May 25-26 


S<^taa, SulawiKsi 


16 


260 


170 


Aug. 31 


S<^taa, Suiaw^ 


15 


410 


310 


S^, lO-OcA. 2 




16 


200 


70 


Jtiy 30 


Sai^saag Api (Stmda Is. ) 


14 


130 


100 


19S6 


Nov. J9-20 


CMSouradiid, Kurile Is. 


S 


3^ 


90 


Nov. 21 




s 


150 


40 


1988 


MisyZ-9 


Banda Api, Banda Sea 


17 






My 29-31 


J^aldaa, Hataiahaa (Kie Besi) 


16 


120 


50 


1990 


Feb. 10 


Kidvt, Java 


17 


300 


230 


tm 


June 12 


Pinatubo, Luzon 


!4 


140 


130 


Jaiie 14-15 


Knaiubo, Lmm 


2:28 


2,^ 


1,700 
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Figure I. Distribution of volcanoes for which ash clouds have 
been detected ir. GMS images (December 1977-June 1991). Bold 
line denotes limits of GMS ground coverage. 

Most ash clouds do not show clear differences in GMS 
images from atmospheric clouds. However, several exam- 
ples do show the dark-toned surfaces of ash clouds in visible- 
band images, as in the cases of ash clouds of the 1988 erup- 
tion of Banda Api, the 1988 eruption of Makian, and the 
1991 eruption of Pinatubo (figures 4, 5, and 7). The ash 
clouds of the 1981 Alaid eruption were well discriminated 
from ambient atmospheric clouds in visible-band images 
because of their dark-toned surfaces — ^this may be due to 
ash-rich contents (Sawada, 1983a, 1987). 

The ash clouds show various shapes in GMS images 
under the influence of different prevailing winds at differ- 
ent altitudes. In general, the extent of an ash cloud influ- 
enced by slow wind velocities (< about 10 m/s) appears as 
a wide, fan-shaped region, but the cloud extent becomes 
narrow with strong winds (> about 20 m/s) (Sawada, 1987). 
In the case of the ash cloud from the 1990 Kelut eruption, 
very large scale ash clouds were seen over and around the 
volcano in GMS images (fig. 6). The eruption was a very 
large event (Sudradjat, 1991), but this large-scale cloud 
may have developed due to active convection by rising ash 
clouds over the volcano. 

The ash cloud during the 1986 Izu-Oshima eruption 
was detected in GMS im.ages (fig. 3). The height of the cloud 
top estimated from image data was 8-9 km, but the observa- 
tions from the ground and photographic data showed the top 
altitude to be 12-14 km. The reason for the difference was 
due to the warm surface temperature of the cloud top com- 
pared to the ambient air temperature at that altitude, which 
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Figure 2. Eraption cloud from the November 1986 eruption of 
Chikurachiki Volcano, Russia. Cloud is drifting to the east from the 
volcano. A, Infrared-band image at 22:30 LTC. November 19, 
1986. B, Infrared-band image at 00:00 UTC, November 20, 1986. 
C, Visible-band image taken at 00:00 UTC, November 20, 1986. 
Note dark -toned eruption cloud in C. Eraption clouds are indicated 
by white arrows. 
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Figure 3. Eroption doud from the November 1986 eruptiots of 
Izu-Oshima, Japan. Cloud is drifting to the east. A, Infrared-band 
image at 09:00 UTC, November 21, 1986. The north rim of the 
cloud appears over the tip of the Boso Peninsula cue to GMS's par- 
allax angle. 5, Infrared-band image at 10:30 UTC, November 21, 
1986. Eruption clouds are indicated by white arrows. 



leads to an underestimation of the altitude of the cloud top. It 
may be possible that very active thermal emissions were 
occurring on the surface of the developing ash clouds. The 
northern edge of the ash cloud seen in the GMS image was 
located on the tip of the Boso Peninsula, but the same cloud 
was observed at almost the same time in imagery from the 
National Oceanic and Atmospheric Administration Gs^OAA) 
polar-orbiting satellite that was obtained over the volcano. In 
the NO A A imagery, the edge of the cloud was about 14 km. 
off the tip of the peninsula. Therefore, the underestimated 
cloud top determined from the GMS imagery could be cor- 
rected fay using the parallax of GMS. 

The ash clouds of the 1986 Izu-Oshima eruption were 
also well detected by Japan Meteorological Agency's 
(JMA's) weather radars at Fuji, Haneda, Tokyo, and 
Nagoya. Fuji radar has a wavelength of 10 cm, whereas the 
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Figure 4. Eruption cloud from the May 1 988 eruption of Banda 
Api, Indonesia. A, Infrared-band im.age at 23:00 UTC, May 8, 1988. 
B, Visible-band image at 23:00 UTC, May 8, 1988. Circular and 
dark-toned eruption cloud showing ring-shaped textures can be seen 
in B. Eruption clouds are indicated by white arrows. 




Figure 5. Eruption cloud from the My 1988 eruption of Makian, Indonesia. lafrared-band images taken on July 29, 1988 ztA, 03:00 UTC 
and B, 06:00 UTC. Visible-band images taken on the same date at C, 03:00 UTC and D, 06:00 UTC. Cloud is drifting to the southwest from, 
the volcano in the 03:00 UTC images (A and Q. The detached cloud, southwest of the volcano, extended to the south, as shown in 06:00 
UTC images (S and D). Dark-toned eruption cloud is seen in C and D. Eruption clouds are indicated by white arrows. 



Other stations have 5-cm radar (fig. 8). The ash clouds appear 
as dense rain clouds in these weather radars, and the top 
height of the clouds was determined to be at altitudes of 9-1 2 
km (fig. 9). Although the number of examples is limited, 
dense ash clouds can be measured with weather radars; how- 
ever, thin ash clouds are not observed. Detection of these 
dense ash clouds depends on ash content. 

During day time, visible-band images can sometimes 
identify individual eruption clouds that are generated by 
intermittent eruptions: ash clouds appear as dark-toned sur- 
faces owing to high ash content. For example, GMS visible- 
band im»ages detected many large, discrete, dark-toned ash 
clouds from the June 15, 1991, Pinatubo eruption, showing 
strong individual eruptions (fig. 7). There were clear circular 
and linear textures on the surfaces of the giant eruption 
clouds (Tokuno, 1991). 

Based on the number of volcanoes that erupted and the 
number of eruption clouds detected in GMS images during 
the period from December 1977 through June 1991, the 
detection rate of eruption clouds with GMS was 1 3.3 percent 
(table 2) (Sawada, 1989a, 1989b). For GMS, the detection 
limit of the extent of ash clouds was 20 by 30 km under very 



good weather conditions for visible-band imagery, and the 
detection limit of the altitude of ash clouds was 4-5 km 
(Sawada, 1989b). This low detection rate is due largely to the 
limitation of ground resolution and the difficulty in discrim- 
inating ash clouds from atmospheric clouds with VISSR data. 

The thermal energy releases calculated from analyses 
of ash-cloud data and the mass of ejected materials show 
good agrecm.ent (fig. 1 0) and suggest the possibility that the 
strength of volcanic eruption may be estimated from ash- 
cloud data. 

Table 2. Detection rate of ash clouds with GMS images within 
the GMS field of view, December 1977 through Jane 1 99 1. 

[GMS, gccstationary meseorotogiea! $atdHtc. Data from Buitein of Volcanic Erup- 
tions (Voicanologicai Society of Japan), Scientific Event Aiert Network Bulletin 
(Smithsonian isstilution), and Global VoScanissr. Network BuIiCtia (Smithsotiian 
Institution)] 



Number of eruptions 332 
Num.ber of eruption clouds detected 44 
Detection rate 1 3.3 % 
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Figure 6. Eniption cloud firom the February 1990 eniption of Kelut, fcto^iJigftaj^elJ^: 1 0, 1990, at A, 

06:00 UTC; B, 09:00 UTC; C, 15:00 UTC; and,D, on February 1 1, 1990, at{««K)trrC. fedtial, snail egaptioacloud rapidly expand^-this 



Discrimination of ash clouds from atmospheric ciouds 
and the eyalsxation of ash coatent in ash clouds have been 
attemi^ed, Iwt good resoiuticai has stiili not bem SKjMeved 
(Sawada 1987) because GMS's detection of sfe^fends in 
infrared and visible wavelengths cannot separate tihe optical 
features of era^bn doiufe fiom tbose of atmospheric clo«<fe. 

GMS images cau detect and track widely dispersed 
ash clott^ from large voicanic eruptions. Due to the short 
time interval (30 minutes to 1 hour) between images, 
dynamic aSisessrieitt of asB-cloM cteveBpn«ttt is possible. 
The detection rate for low-altitade clouds (below about iO 



km) is only about 13 percent, due largely to the limitation 
of the imagiiig, sy^em and the characteristics of the radiom- 
eter. However, widely dispersed ash clouds resKihiiig alti- 
tudes higher than 10 km were almost aiwse^s d^sdaiie 
were we!! tracked in GMS images. 

Under the influence of strong prevailing winds, ash 
clouds that had detached from thesis of a volcano ate major 
activity feded atid baame ekagai^d in wiad .direction. 
Itee -are difference' bet«^eii' mfficiaiBin ^terf«s of ash. 
clouds estimated based on &e tempmbiie of &e top surface 
of the cloud and those aMtadtes as ol»erved fr<Mn &e grouud. 
Some of the differeaces may be due to active Qiermal emis- 
sions on the top surface of ash clouds— this will cause under- 
estimation of cloud-top altitudes. The underestimated cloud 
top oflie 1 986 lzu-<yhima eruption crotidl^ conii^usjsg 
the GMS's parallax. 
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Figore 7. Eruption cloud from June 1991 eruption of Mt. Piaatubo, Philippines as seen on visible-band images taken at A, 01 '.00 UTC. 
June 15, 1991, and B, 02:00 UTC on the same date. Dark -toned ash clouds drifting to the west from the volcano were obtained at short 
time intervals during maximum activity — these images show the frequent occurrence of strong explosions. Eruption clouds are indicated 
by white arrows. 




Figure 8. Ash cloud from the November 1986 eruption of Izu- 
Oshima, Japan (located at tip of white arrow), obtained at 08:30 
UTC on November 21 with the weather radar at Haneda station 
(white circle), which is about 90 km NNE. of the crater. VS, S, M, 
and W in "gray" scale refer to the intensity of radar echo as very 
strong, strong, medium, and weak (this relative scale is applicable 
to rain clouds). The intensity of the radar echo from the eruption 
cloud grades from weak at the outer edge of the cloud to areas of 
medium and strong intensity near the center of the cloud. 



Figure 9 (facing column). Observations of the altitude of ash- 
cload tops for the November 21. 1986, eruption of Izu-Oshima. 
Japan. A. Data at 08:10 UTC, November 21, 1986. from weather ra- 
dar at Fuji, which is about 96 km NW. of the crater. 5, Data at 08; 14 
UTC on the same date from weather radar at Tokyo, which is about 
1 05 km NNE. of the crater. Cloud tops are indicated by white arrows. 
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THERMAL, ENERGY RELEASE BASED 
GN TOTAL MASS OF EJECTED 
MAHERIAL, IN ERGS 

Figure 1 0. Relationship between thermal energy release based ors 
ash-cloud data from CMS visible and infrared imagery (vertical ax- 
is) and thermal energy release based on total mass of ejected mate- 
rial reported in McCleilaad and others (1989) and by the annual 
BtiBetin of fee Volcanological Society of Japan (hOTizonfcal axis). 



Weather radar can detect dense ash clouds and can 
determine their height; however, the detection rate is very- 
low. Thermai energy release estimated from ash-cloud data 
was in good agreement with estimates based on the volume 
of eiapted tnaterials. This indicates the possibility of evalu- 
atisg flse strength of voteasac eruptions from enj^tion-cloud 
data obtained fscm ssteUite imagery. 

Oistaiminaticm of ash clouds from ambient atmospheric 
clouds was usually not possible using GMS's visible and 
infrared data, except for dark-toned clouds in visible-band 
images in which ash content was high. Further acquisition of 
data on optical features of ash clouds are needed for discrim- 
ination of ash clouds from atmospheric clouds and for esti- 
matioit of .ash.conteittffi a^.doi]ds...Fuilhar,tmprovettmt of 
grcamd resolution and the establishment of a multispectral- 
detector capability for VISSR are needed to improve the 
det^tion rate <^ asl^ cl<»ids. 
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OBSERVATIONS OF THE 1989-90 REDOUBT 

VOLCANO ERUPTION CLOUDS USING AVHRR 
SATELLITE IMAGERY 

By Etevid J. Schneider and William 1. Rose 



ABSimACT 

The 1989-90 eraptions of Redoubt Volcano, Alaska, 
generated ash clouds that reacted altitudes of as much as 
12 km and provided an opportofty to test and refine the 
use of the advanced very Mjfa re$oltttioii radicaneter 
(AVHRR) for satellite remote a«^g of vdcaaic eiti|^ii 
clouds. Several aircraft encountered <ispersed vol£»iic 
clouds, ir.cluding a Bocing-747 that temporarily lost power 
from all foar engines. Such near-tragic incidents high- 
lighted the need for improved methods of discriminating 
and tracking volcanic clouds. 

Thirty-one AVHRR images from various stages of the 
Redoubt eraptioR were examined. In fte early, more ener- 
getic phases of Ae eroption, the Redoubt volcanic clouds 
could be discriminsrt*^ by a technique that employs an 
apparent temperature difference between bands 4 and 5 of 
AVHRR. This method was particularly successful in clouds 
that were older than 1 hour, demonstrating that slight aging 
of the cloud during dii^rsa! enhances its discrimination by 
this method. In the later stages of Redoubt activity, this 
method fails, probably because of environmentai variables 
ass<K^t«d wife fee dhffi^iag-ch8aj«:tec of Ae eai^a. Hie 
ash clouds associated with dome collapses that marked the 
later Redoubt clouds were of small volume and may not have 
con^n^ as Mgh a proportion of fim ash particles. 

Laboratory biconical reflectance measurements were 
conducted to determine the spectral variability of ash that 
fell out of the Redoubt clouds. The results show that ash 
refl^ectance is controlled more by particle size than by parti- 
cle composition, but these alone do not explain the variabil- 
is we observed a the satellite data. 



INTRODUCTION 

Satellite remote sensing of volcanic clouds is an impor- 
tant tool for scientists and those engaged in mitigating natu- 
ral hazards. The total ozone mapping spectrometer (TOMS) 
has b&m used to measure SOj released by eraptions 
(Kftteger, 19S3; Kramer an<i oilers, fliis volume), and 



multispectral image processing of advanced very high reso- 
lution radiometer (AVHRR) data has succeeded in discrimi- 
nating volcanic clouds from weather clouds (Hanstrum and 
Watson, 1983; Prata, !989a; Holasek and Rose, 199i). Per- 
fection of image-processing algorithms and identification of 
l^inaiy physical parameters controlling success of the algo- 
rMims could lead to operational use of AVHRR data in 
reducing dangerous encounters between aircraft and volca- 
nic clouds (Rose, 1987; Casadevalf. 1990; Stccnblik, 1990) 
and for monitoring the global dispersion of large atmo- 
spheric injections by volcanoes. 

This paper attempts to advance satellite-based volcanic- 
cloud sensing through analysis of AVHRR data collected 
during the Redoubt eruptions of 1989-90. In particular, it 
tests a voicanic-cloud-discrimination algorithm developed 
by Holasek and Rose (1991) for the 1986 eruption of Augus- 
tine Volcano. Redoubt and Augustine Volcanoes, located in 
the Cook Inlet area Qf„Aia^„(Kien}e, this volum.e), both 
erupted during the v/iste" mi e»ly spring and have similar 
'chemical ccHnpositions. 

AVHRR satellite images collected during various 
stages of the Redoubt eruption were analyzed to test the util- 
ity of cl<»drdiscriiaination i^otitims. In addition, the spec- 
tral variability of the Redoubt volcanic clouds were 
investigated through analysis of biconical reflectance mea- 
suremeate of saaqfe of ash faliout mi crushed pumice, 
glass, and minerals sepaiated frcsn Redoiijbt Volcano. 



AVHRR SENSOR 

The AVHRR sensor, aboard the National Oceanic and 
Aeronautics Administration (NOAA) polar-orbiting weather 
satellites since 1978, has been used in the ^dy of several 
eraptions (Kienle and Shaw, 1979; Han^nffiti and Watson, 
1983; Matson, 1984; Malingreau and Kaswanda, 1986; 
Glaze and others, 1989; Holasek and Rose. 1991). AVHRR 
data from NOAA- 10 and NOA.A-1 1 were used to study the 
Redoubt eruptions. This sensor images a 2,800-km-wide 
swath with a spswSal r^iutt<» of I.I km at the nadir. The 
AVHRR sensor aboard MOAA-10 has four bandi: band I. 
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visible (0.58-0.68 urn); band 2, near-infrared (0.73-1.10 
|im); band 3, mid-infrared (3.55-3.93 .am); and band 4, ther- 
mal-infrared (10.3-11.3 iim), whereas the AVHRR sensor 
aboard NOAA-1 1 contains the previous bands plus band 5, 
thermaJ-infrared (1 1 .5-12.5 jim). lach ssMlite pzsses over 
a point on the ground twice per day, with more frequent cov- 
erage occurring at high latitudes where the orbits converge at 
the poles. TTie large swath widfe, frequent coverage, and 
mult! spectral capability make the AVHRR misor a aseM 
instrument for studying volcanic clouds. 



THE 1989-90 ERUPTION OF 
REDOUBT VOLCANO 

Redoubt Volcano is an andesitic composite volcano 
located in the Cook Inlet region of Alaska, approximately 

200 km southwest of Anchorage (fig. 1). In mid-December 
1989, Redoubt erupted for the first time since 1966. During 
the next 5 months, there were more than 20 eruptive epi- 
sodes, which produced asfi clouds reaching greater than 12- 
km altitude (table I) (Brantley, 1990). Scott and McGimsey 
(in press) estimate ffie fetal" tepKra-filf' volume to be 
2xlO'-4xIO'^ m^, dense-rock equivalent, and note that two 
different tcphra types were produced. Pumiceous tephra was 
generated by magmatically driven explosions on December 
14 and 15, and fine-grained lithic-crystal tephra was erupted 
startmg on December 16 and during all later events. The 
Hthic-crystal tephra was generated by two processes: hydro- 
volcanic explosions dominated from December 16 to 19, and 
pyroclastic flows, leselting iitra'doijte wilapse, became an 
increasingly important process from January 2, 1990, to the 
end of eruptive activity in April. Pyroclastic flows were the 
only mechanism generating tephra during the last five erup- 
tive episodes (Scott and .McGimsey, in press). 

More than 60 percent of Alaska's population lives in the 
Cook Inlet region. Major oil facilities are also located in this 
region, and Anchorage is a major hub of air traffic between 
Asia and Europe. There were four incidents of commercial 
aircraft encountering volcanic clouds, including one incident 
in which a Boeing 747 carrying 246 people lost power from 
all four engines after flying through a cloud (Casadcvall, 
1990). The aircraft fost more than 4 fcm of altitude before two 
cng-ncs were restarted at 5.2 km— the rcm.aining engines 
wore restarted at about 4. 1 km (Przedpelski and Casadevall, 
this volume). The aircraft was extojiMveiy teiaged (Steen- 
blik, 1990), and the incident highlighted the need for new 
techniques to detect and track volcanic clouds. 



MULTISPECTRAL IMAGE 
PROCESSING OF THE AVHRR IMAGES 

More than 30 images of the Redoubt region were col- 
lected from the archive at the NOA A National Ertviroranental 



Tabic 1. Cfcronoiogy of the 1989-90 eruption of Redoubt Volcano. 

{Modified from Braatlcy (1990). X, votetc aciiviQr occumd; na, not appiicablc; ?, 
vctatic mMysy moeftm^ tarn., OMitsmoas; fr., (uxnl 



Tvpt of volcanic acttvttv 



Day 




Explosion^ Dome coBapse 






14 


9:47 


X(I7) 


na 


>10kin 


15 


1:40 


X(12) 


sa 


? 




3:48 


X(10) 


na 


•? 




10:15 


X(40) 


na 


>12km 


16-18 


(Nearly cont ejection of tephra fr. carter) <7 km 


19 


6:30 


X(9) 


na 


>9km 


Jaanary 1990 


2 


17:48 


X(26) 


X 


>12km 




19:27 


X(61) 


X 


>12km 


8 


10:09 


X(15) 


X 


>I2 km 


11 


10:01 


X(5) 


7 


>9km 




13:42 


X(12) 


? 


? 


16 


22:48 


X(13) 


? 


>ll km 


February 1990 


15 


. 1 A 


X(20) 


X 


>10km 


21 


12:32 


X(6) 


X 


9km 


24 


5:05 


X(4) 


X 


9km 


28 


9:47 


X(5) 


X 


81an 


.March 1990 


4 


20:39 


X(8) 


X 


12 km 


9 


9:51 


X(10) 


X 


10km 


14 


9:47 


X(14) 


X 


12 km 


23 


4:04 


X(8) 


X 


>10km 


29 


10:33 


X(7) 


X 


? 




6 


1723 


X(7) 


X 


9 km 


15 


14:49 


X(8) 


X 


>IOkm 


21 


18:1! 


X(4) 


X 


>8 k::; 



' Alaska Standard Time. 

^ Numbers in parentheses indicate duration of explosive 
activity in minutes, based on seismicity. 



Satellite Data and Infcwmation Service (NESDIS) and from 

the University of Alaska's Geophysical Institute following 
the eruption; 1 1 images are described in detail in this paper 
(table 2). In several cases, eruptive episodes arc recorded in 
multiple images, providing an opportunity to track the ash 
clouds from the initial eruption through the dispersion of the 
volcanic clouds. 

Image processing of the AVHRR scenes was conducted 

using Erdas and Tcrascan on a Sparc- 1 + workstation. Images 
of the Redoubt region were extracted from the full scene; the 
dtenna! channels were calibrated using the procedure of Kid- 
well (1991); and the images were georeferenced to a com- 
mon projection. Following the technique of Prata (1989a) 
and Holasek and Rose (1991), algebraic manipulations were 
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Table 2. Satellite images of Redoubt volcanic clouds used in this 
study. 

[LUT (iook-up table) r«{Re$eittii image cimnd ecrikH' lesdita m ted (R). ptea (G), 
and blue {B)J 



Dale and 


crfor. Ltrr 




Satellite 


Cloud type'^ 


start littic (CSMT^) 


R 


G 


B 




12/16/89 12:18 


4m5 


3 


4 


N0AA-I1 


1 


12/16/89 13:59 


4ni5 


3 


4 


NOAA-1 1 


1 


12/18/89 21:55 


4n55 


3 


4 


NOAA-11 


1 


12/18/89 23:37 


4m5 


3 


4 


NOAA-11 


1 


01/08/90 19:28 


4 


4 


4 


NOAA-1 0 


2 


mmm23:n 


3in4 


3 


4 


NOAA-1 1 


3 


02/15/90 13:17 




4 


4 


NOAA-1 1 


2 


02/15/90 18:26 


3ni4 


2 




NOAA-10 


3 


03/23/90 13:25 


/I 


4 


4 


NO.AA-1 1 


2 


03/23/90 18:11 


3st4 


2 


1 


NOAA-10 




03/23/90 23:24 


3i«4 


2 


1 


NOAA-: : 


3 



^ Greenwich Mean Time. Local time is GMT minus 9 hmts. 



- See text tor discission of cioud types. 



performed on ,A.VHRR bands 4 and 5 to enhance the volcanic 
clouds and distinguish them from weather clouds. Ratios of 
baud 4 to band 5 and differences between band 4 and band 5 
were calculated and evaluated. The subtraction process 
results in an "apparent temperature difference," which we 
find particularly useful. The term "apparent temperature dif- 
ference" is defined as the difference between temperature 
values derived from emitted energy measured at 10.5-11. 3 
fim (band 4) and 1 1.5-12.5 |im (band 5). The temperature 
difference is not real, but rather it is the result of differential 
emission of energy at these two wavelengths. When the omit- 
tance is converted to a temperature value, it produces an 
apparent temperature difference. An example of the band-4- 
minus-band-5 operation is shown in figure 2. In figure 2A~B, 
the single-band images are quite similar, and the volcanic 
plume is not very distinct. The plume is greatly enhanced by 
the band subtraction operation (fig. 2C), which generally 
produced better results, in terms of plume discrimination, 
than the ratio operation. When these operations were not suc- 
cessful, or when using data from NO.AA-10 (which does not 
contain band 5), ratios and differences of band 3 and band 4 
w^re calculated. 

The results of these mathematical operations were 
visually evaluated to determine their ability to enhance vol- 
canic clouds. False-color composites were generated on 
24-bit graphic monitors by displaying algebraic enhance- 
ments along with several of the AVHRR bands in the red. 
green, and blue image planes of the monitor. False-color 
composites are helpful in interpreting the extent of the vol- 
canic cloud because data from the individual bands interact 
to increase enhancement of the cloud. The various band 
combinations used to produce the false-color composites 
are shown in table 2. 



OBSERVATIONS OF THE 
AVHRR IMAGES 

For the purpose of description and discussion, the 
Redoubt volcanic clouds shown in the satellite images are 
divided into three classes that arc chosen on the basis of cloud 
spectial properties, morphology, and size. It is not impised 
thsrt fliese cloud types will be produced by craptions of other 
volcanoes or that they are fee only type that will be produced. 
The classes inclucte: 

Type-1 volcanic eUmds. — Clouds generated by mag- 
m^c expiosicais during the first week of activity (while there 
was a nearly ccmtinuous ejection of tephra from the crater). 
These clouds were low (< 7 km) and extended for hundreds 
of kilometers from the vent. Examples of this cloud type are 
shown in figure 3. 

Type-2 volcanic clouds. — Clouds generated in part by 
dome collapse and subsequent pyroclastic flows (Scott and 
McGimsey, in press). These short-duration, discrete eruptive 
events were imaged within minutes of the onset of eruption. 
The typo-2 clouds arc higher (>1 0-1 2 km) than typc-1 clouds 
and have a distinctive, circular morphology. Examples of 
these clouds are shown in figure 4. 

Type-3 volcanic clouds. — Dispersed type-2 clouds. 
These clouds were imaged several hours after the initial 
eruptive event and show the dispersion of clouds produced 
by a single eruptive pulse. Examples of these clouds are 
shown in figure 5. 

Although volcanic clouds were discriminated from 
weather clouds in many cases, no single algorithm, was suc- 
cessful in enhancing all three cloud types. For the typc-1 
clouds, Ae band-4-minus-band-5 operation of Prata (1989a) 
and Holasck and Rose (1991) worked to discriminate portions 
of the volcanic cloud from the weather clouds (fig. M-D). 
This operation was successful for both daytime and nighttime 
images, but the discrimination is enhanced in the daytime 
images when band 3 data are included. All of the false-color 
composites in figure 3 were produced using identical band 
combinations (table 2), birt a dramatic difference can be seen 
between the nightfese wages from December 16 (fig. ZA-B) 
and the daytime images from December 1 8 (fig. 3C-D). Band 
3 of the AVHRR sensor (3.53-3.93 |im) is a hybrid band, 
measuring thermal omittance at night and a combination of 
reflectance and omittance during the day. In the nighttime 
images, the enhanced portion of the volcanic cloud is red, 
indicating that the enhancement is solely caused by the band- 
4-Tninus-band-5 subtraction operation. By contrast, the volca- 
nic cloud in the daytime images is yellow, indicating that the 
enhancement is a result of both the subtraction operation and 
high band 3 reflectance of fte volcanic cloud with respect to 
the weather clouds. 

The distal portions of two of the fype-1 volcanic clouds 
were enhanced more than the proximal portions (fig. %A~B). 
Near the vent, the volcanic cloud is spectrally similar to the 
weather clouds seen at the bottom of the image — the 
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Figure 1. Index map of the Cook Inlet Region of Alaska. Smiple loc8ti<«js of Ae ash spectra shown in figsare 6 are indicated by solid 
circles. Figure modified from Brantley (1990). 
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subtraction operation is successful once the cloud disperses. 
Note that, in both cases, the subtraction operation is suc- 
cessful once the cloud has been transported approximately 
100 km, or about I hour, from the vent. A z-shaped bend in 
the unenhanced portion of the volcanic cloud (cast of 
Kenai) seen in figure 3A can be seen in figure 3B as an 
enhanced portion of the volcanic cloud. This image was 
collected about 1 hour after the previous image (fig. 3A} 
and shows that the discrimination becomes more distinctive 
as the volcanic cloud disperses. 

In some cases, the effectiveness of the band-4-minus- 
band-5 operation in discriminating dispersed volcanic 
clouds is influenced by the underlying surface. Holasek and 
Rose (1991) found that their algorithm was more successful 
in discriminating volcanic clouds over water than over 
land, and effects of the underlying surface are observed in 
several images from Redoubt, in figure 3A, the discrimina- 
tion of the volcanic cioud is distinct where the cloud passes 
over the western Kenai Peninsula and over the water of 
Prince William Sound, but the cloud is not apparent where 
it passes over the snow-covered mountains. In figure 3C, 
the discrimination of the cloud is reduced where it overlies 
low clouds over land. 

Whereas the band-4-minus-band-5 difference was suc- 
cessful in discriminating type-1 volcanic clouds, this opera- 
tion was not successful with type-2 clouds. These clouds are 
shown in figure 4 as band-4 thermal images, and they were 
identified by their anomalously low temperature 
(220°-230°K), their circular morphology, and their location 
relative to the vent. An inverted grayscale has been applied 
to the images in figure 4 so that details of the cold volcanic 
clouds are discernible. 

These images were collected between 7 and 2 1 minutes 
after the onset of the eruption, as determined by seismicity 
(Brantley, 1990), and show that the cloud is detached from 
the vent, supporting the interpretation of Scott and McGim- 
sey (in press) that these volcanic clouds were generated by 



Figure 2 (right). NOAA-1 ' AVHRR images demonstrating the 
discrimination of a volcanic eruption cloud from weather clouds. 
Image was collected on December 18, 1989, at 23:37 GMT. All im- 
ages arc shown with an inverted grayscale, so that cold objects are 
bright and warm objects are dark. A, AVHRR banc-4 image show- 
ing an indistinct plume from Redoubt and weather clouds through- 
out the scene. B, AVHRR band-5 image. C, The result of a band-4- 
minus-band-5 operation. Note that the volcanic plume is a bright 
feature and that the weather clouds appear gray to black. 
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Figure 3. False-color composite AVHRR images of tv'pc-1 eruption clouds from Redoubt Volcano. Ail of the color composites were pro- 
duced using band 4 minus band 5 in red, band 3 in green, and band 4 in blue. See text for description of cloud types. A, NOAA-1 1 image 
collected on December 16, 1989, at 12: 18 GMT. B,N0AA-11 im.age collected on December 16, 1989, at 13:39 GMT. CNO.AA-l! image 
collected on December 18, 1989, at 21:55 GMT. D, NOAA-1 1 image collected on December 18, 1989, at 23:37 GMT. 
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dome collapse and pyroclasdc flows. Dispersal of these 
clouds and transforniation into type-3 clouds are monitored 
in subsequent images, and the observations of these clouds 
are discussed below. 

Even though it appears that the volcanic clouds show 
variation in doud-top topography, this cannot be quanti- 
fied. It is possible to determine cloud-top elevation and 
topography by relating the temperature of the cloud, as 
determined by one or more thermal bands of the satellite 
sensor, with a temperature profile of the atmosphere as 
determined by radiosonde or other methods. Altitude values 
for each cloud pixel can be determined in this manner. 
Whereas this method is useful for tropospheric clouds, it is 
unsuccessful at higher altitudes due to the temperature 
inversion that defines the tropopause. AO of the type-2 vol- 
canic clouds penetrated the stratosphere, which starts at 
about 10-km altitude during the Arctic winter, limiting 
h;:^:;ht estimates of clouds to a minimum value and prevent- 
■".■j the determination of cloud-top topography. 

The frequent coverage of the NOAA satellites provided 
opportunities to observe the transport and dispersion of the 
Redoubt volcanic clouds. These dispersed, type-3, volcanic 
clouds were enhanced by a band-3-minus-band-4 operation. 
The dispersed volcanic cloud from the January 8, 1990, 
eruptive episode is seen in figure 5A. This image was col- 
lected about 5 hours after the start of the eruption seen in fig- 
ure 4A and shows a yellow, comma-shaped cloud extending 
from north of Anchorage to the southern coast of the Kenai 
Peninsula and a more dilute, hazy cloud extending back 
toward the vent. The volcanic cloud is shown in yellow, indi- 
cating that the enhancement results from a combination of 
the band-3-minus-band-4 operation and high band-3 reflec- 
tance of the volcanic cloud with respect to weather clouds. 

Figure 4 (left). Inverted grayscale AVHRR band-4 thermal im- 
ages of typc-2 eruption clouds from Redoubt Volcano. Sec text for 
dcscriptiors of cloud types. A, NOAA-IO imago collected on Janu- 
ary 8, 1990, at 19:28 GMT. B. NOAA-1 1 image collected on Feb- 
ruary 15, 1990, at 18:26 GMT. C, NOAA-1 1 image collected on 
March 23, 1990, at 13:25 GMT. 

Figure 5 (following pages). False-color composite AVHRR im- 
ages of type-3 eruption clouds fromi Redoubt Volcano, See text for 
description of cloud types. All of the color composites, except A, 
were produced using band 3 minus band 4 in red, band 2 in green, 
and band 1 in blue. A, NOAA-1 1 image collected on January 8, 
1990, at 23:13 GMT. This color composite was produced using 
band 3 minus band 4 in red, band 3 in green, and band 4 in blue. B, 
NOAA-10 image collected on February 15, 1990, at 18:26 GMT. 

C, NOA,A-10 image collected on March 23, 1990, at 18:1 1 G.VST. 

D, NOAA-! 1 image collected on March 23, 1990, at 23:24 GMT. 
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The Dand-4-mmus-band-5 operation was not successful in 
discriminating this cloud, and theories regarding tite Mlure 
of this operation are included in the discussion. 

Another typc-3 cloud, from the February 15, 1990, 
eruptive episode, is seen in figure 5^. The image was col- 
lected about 5 hours after the initial eruption seen in f.guro 
4B and consists of a linear, light-red cloud extending from 
the bottom of the image back toward the volcano, in tj» 
upper left of the image. At this time, the cloud front iadtrav- 
eled more than 800 km to the southeast over flie Gtilf of 
Alaska. Evea ftough the band-3-minus-band-4 operation 
was useful iai enhaEciiig the volcanic cloud, som^ o£ the 
weather ckmdstew a ■amiar spectral signal, to Uris case, 
manual image interpretation is needed to define the limits of 
iJie volcanic cloud. This image was collected by HOAA-10, 
which coBtsKBS oae fcemial 'ban4 so it was not possible to 
attempt the band-4-minus-band-5 operation. 

A third typc-3 volcanic cloud, from the March 23, 
1990, eraption, is seen in two successive mages, one 
NOAA-10 image collected 5 hours after the initial eruption 
(fig. 5Q and a NOAA-U image collected 5 hours later 
(fig. 5D). In figure 5C, the circular volcanic cloud front has 
traveled about 456 faii and a tail trails back toward the 
vent. The baaa(l-i5-sw»!-band-4 c^ieratton was used to 
enhance fte vdte«ic"cl<»i4'"i^ A^'^^iarity <^tfe® ®itaice- 
ment is diminished by multiple data line drqpcmt along Ae 
northern boundary of the volcanic cloud. 

In ite'i*l<MA-4'limge:^(Ae<f5te«l«^!^:5f^, 
the continued dispersal of the volcanic cloud can be seen. 
The cloud front now extends for more than 825 km, from 
near fte vent to the Bering Sear Cteicfe* a^is, tie 1jaiid-'3- 
minus-baadM operation helped to enhance the volcanic 
cloud, but it did not discriminate it from the weather clouds 
along the top of the sces^. "fte northward bend in the cloud 
seen in this image is also apparent in the previous image (fig. 
5C) and may be due to wind shear. Ash fallout from this 
eruption is visible as a dark band that trends west for about 
300 km and is correlated to the distribution of ash on the 
ground as mapped by Swtt aafi McGteey (in press). 



REFLECTANCE SPECTRA OF 
VOLCANIC ASH 

The reflectance properties of 19 volcanic ash samples 
ftom Redoidst were investigated to see how they varied with 
transport, and how they varied throughout the eruption. 
These samples were collected by personnel of the Alaska 
Volcano Observatory in the weeks to months following the 
eruption. All of the ash samples used in this study were col- 
lected from snowpits throughout Al^ka (fig. 1) and were 
correlated by Scott and McGimsey (in press) to eruptive 
events by their stratigraphic position. The ash was separated 
frwn the snow by mdNing and filtration, eliminating any sui- 
fiiric-^id coatings that may have b^n present. 



To aid in interpretation of the ash reflectance spectra, 
glass and mineral separates were also prepared. Pumice frs^- 
ments from the December 15, 1989, eruptive event were 
<aniKk!d isedfeHmically, and glass and crystals were separated 
using heavy-liquid-separation techniques. The pumice, crys- 
tal, and glass separates were sieved to produce a 0.25-mm to 
0.088-mm sample, and subsets of ftesfe samples were 
crushed to produce a sample of less than 0.088 mm. This was 
done to reflect the reduction in grain size and the fraction- 
ation of tibe crj^fs wifli respect to glass that occurs as vol- 
canic clouds age and are transported. The crystal separates 
were composed primarily of piagiociase, with lesser 

Laboratory bicoiiical reflectance measurements were 
conducted m At ash samples and mineral separates by the 
Jet Propulsion Laboratory (JPL) (J. Crisp, JPL,. oal. coaa- 
mun., 1 99 1 ). Although the AVHRR sensor measures emitted 
energy, reflectance measurements can be related to emit- 
tancc, "whichls'dSfficalt to measure in the laboratory (Bartho- 
lomew and others, 1989). Kirkoff s law states that, for a 
given temperature and wavelength, emittancc and reflec- 
tance are complementary. TWs law only applies to solid 
objects because scattering is ignored. Although this is a 
major simplification, we use it to correlate reflectance mea- 
saaroiOTts to the OTttence' ine(X>r<ied by the ssaelMte sensor. 

Biconica! reflectance spectra of ash fallout from erup- 
tions on December 15, 1989, December 16, 1989, and from 
Jantiaiy 8,1990, are'siown In figure 6A--C. these reflec- 
tance spectra are typical of the 1 9 ash samples that were mea- 
sured and show two reflectance peaks of interest to this 
stiidy. Thefkstpes6kext«i<isfe>m 3 am to S ym and contains 
.AVHRR band 3, whereas the second peak extends from 8 
to 12 pjn and contains AVHRR bands 4 and 5. In the 
recoil cMtaaimg AVHRR band 3, tie reflectance varies by 
10-15 percent between eruptive episodes, and, for the 
December 15, 1989, event, the reflectance increases by 20 

all of the samples show a broad similarity in reflectaiK^ in 
the region containing AVHRR bands 4 and 5, except for Ite 
■sample suite from the December 15, 1989, event, where fe 
reflectance increases by 1-2 perc^t with increasing distance 
from fliS: ven*. 

Hie reflectance spectra of the pumice and the glass and 

crystal separates are shown in figure 7A-B. All of the coarse- 
grained sanpies (fig. 7 A) show a reflectance peak at 9 |im. 
The ri^eclonce at 9 im is less prominent for the crystal sep- 
arate and the pumice sample, and the glass separate has a 
smaller reflectance peak at i i.5 ixm. The fine-grained sam- 
ples (fig. 7B) show a miKifc-dimihished reflectance peait at 9 
jxm for the glass separate and none fc^ the {Himice sample 
and crystal separate. The p«s^ at 11 .5 {«n is most proininfflBt 
for the glass samfde, bot &e pumice and crystal separates 
also have a broad peak in this region. These spectra show 
that reflectance is influenced more by particle size than by 
particle composition. 
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Figure 6. Biconical rcficctancc plot of ash samples from three 
eruptions of Redoubt Volcano. The band widths of AVHRR bands 
3, 4, and 5 are indicated. Sample locations are shown in figure I. A, 
Four ash samples from the December 15, 1989, eruption. B, Three 
ash samples j&om the December 16, 1989, miption. C, Four as^ 
samples from the immsy 8, 1990, eruption. 
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figure 7. Biconical reflectance plots of pumice, glass, and crystal 
separates from Redoubt Voicano. A, Sieved 0.25-0.88-mm sam- 
ples. B, Sieved > 0.088-mm samples. The band widfes of AVHRR 
bands 4 and 5 are indicated. 
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PISCUSSIOM 

The spectral dis<ai«iaatkHj of volcanic clouds is com- 
plicated by dynamic processes that occur during the erup- 
tion, transport and dispersion of the cloud — ^these processes 
may prevent the use of a single ima^-|»ocessing algorithm 
for use OR all volcaaic cloeds. Previous i^eaxcheis (Prate, 
1989a, 1 989b; H^i^ and Rose, 1 99 1 ) have utilized m&- 
eaces and ratios of AVHRR bands 4 and 5 to (Msainanate 
volcaaic cloads &oiEa weatber cloads, but t^e operations 
were only partially saccessfiil at Redoubt. It has been shown 
that the band-4-minus-band-5 subtraction operation pro- 
duces positive apparent temperature differences (AT) for 
weather clouds and negative apparent temperature differ- 
ences for volcanic clouds (Yamanouchi and others, 1 987; 
Prata, 1989b). However, positive apparent AT's can occur 
for volcanic clouds if the cloud contains a large amount of 
water or if the particle size is large (Prata, 1 989b). 

The early emptions of the Redoubt series (type-i 
clouds) more closely resemble the kinds of ash clouds that 
are likely to be of most concern to aviation safety than do 
the later ones. Two important features of these early clouds 
are the success of the discrimination algorithm based on 
apparent AT determined from bands 4 and 5 and the indica- 
tion that, for success of the algorithm, the cloud must have 
aged (dispersed i^Jy in the atmosphere) for 1 hmir or 
more. Several observations point to the role of fme silicate 
particles in explaining these phenomena. Biconicai reflec- 
tance data suggest that fine particle size may chance the 4- 
minus-5 effect, and magmatic explosions resulting from 
explosive vcsicuiation may be more likely to produce fine 
ash than dome collapse. Aging of a volcanic cloud will 
result in decreasing the grain size of suspended ash because 
fallout will remove larger particles, and it will also tend to 
reduce the water or ice in tiie cloud, ttedry enhancing the 
relative imporfeEnce of fte fine ash piaticles. Because fiie 
laigest and most broadJy ha2«ious ash clouds are mag- 
matic (and arc likely to generate drifting ash clouds that 
contain significant concentrations of fine ash) these obser- 
vations are likely to be of geueral appMcabilitsr. 

The band-4-minus-band-5 operation produced positive 
AT's for bp& voicasic and geaAer <4o,i^ in images of type- 
2 volcanic clouds from Redoubt, wftich were collected 
wiflin 30 minutes of the start of the eruption. These volcanic 
clouds probably contained large amounts of water, due to the 
entrammcnt of moist air ftom «fw lower atmosphere, and 
were identified in band-4 thermal im.agcs by their proximity 
to Redoubt, their circular moiphology, and cold temperature 
(fig. 4A-C). Volcanic c!oa<fe of feis type coald be coi5fti:sed 
with convectivc weather clouds, bat this is unlikely in winter 
Arctic images. In two of the images (fig. 3A-B) of type- 1 
clouds, the band-4-minus-band-5 operation produced posi- 
tive AT's for the proximal portion of the cloud and negative 
AT's for distal portions of the cloud. The region of negative 
AT is shown in red is figure 3.^4-5. We attribute the change 



in the spectral signature of this volcanic cloud to a decrease 
in particle size and water content during transport. Analysis 
of wind-speed dato for &is eruption in<Scates that the transi- 
tion from p<:^tjve to n^alive (ilference values in the volca- 
nic cloud took abotjt 1 hour. 

Typc-3 volcanic clouds were difficult to discriminate, 
perhaps due to their relatively snail volume md tiie disp»- 
sion and s^imentation of ash tfiat occurred before they 
WCTe imaged. Whereas many volcanic clouds can be dis- 
crimicated using the band-4-minus-b«aid-5 operation, &e 
concwitratioR of ash retired to produce a detectable signal 
is unknown. ,A.nothcr factor that affects the subtraction 
operation is particle size. The ^pe-3 clouds may have con- 
tained fewer fine particles than the type- 1 clouds because 
tih^ were produced as part of a dome collapse, rather than 
from a purely explosive, volatile, effervescent mechanism, 
thus reducing the ash signal. 

The band-3-minus-band-4 operation was useful in 
enhancing type- 3 clouds, but it did not discriminate them 
firom weather clouds. This operation was more successful 
during the daytime hours, when band- 3 backscatter is impor- 
tant, than at night, when this band has a larger thermal com- 
ponent. Although this is a useful operation, it is difficult to 
make general observations regarding its success because the 
reflectance is dependent on a number of factors, including 
particle size, shape and abundance, sun azimuth and eleva- 
tion, and the location of the cloud and the satellite relative to 
the sun. However, this operation, used in conjunction with 
observations of cloud morphology, can be used to interpret 
the extent of probable volcanic clouds. 

The use of ash fallout reflectance measurements as 
"ground truth" for interpreting satellite imagery has several 
shortcomings. One fundamental problem is that the reflec- 
tance measurements were m»ade on ash fallout, which by def- 
inition is not what is in the volcanic cloud. Very fine 
particles are probably the most important, yet their collection 
is difficult because their fallout may be too light to be distin- 
guished on the ground, and the particles fall out long dis- 
tances from the vent over very broad areas. Another problem 
lies in relating iJie refle<*aiice neassHwaeits to the eralttaace 
recorded by the sensor. Volcanic clouds arc heterogeneous 
assemblages of particles and gases; therefore, subtracting the 
reflectance measurements from a black body of the appropri- 
ate temperature is a poor approximation. .Additional work 
needs to be done to determine the most effective way of 
using reflecteRce measurements of asfe MImt as "ground 
truth" for image interpretation. 

In spite of these difficulties, the mineral separate spec- 
tra show that reflectance is controlled more by particle size 
than by the particle composition. In a volcanic cloud, this 
would imply that the discrimination of distal clouds would 
be controlM more by the reduction in the size distribution of 
the particle with transport than by the increase in the propor- 
tions of volcanic glass in the cloud due to eolian fraction- 
ation. Although the exact relationship of reflectance to 
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emittance is unknown, the effects of particle size, particle 
shape, and particle composition would probably be enhanced 
for suspended particles. In this case, the coD^iex rfiape of 
glass particle am^^jaied to oys^ may im-s m m^rma. 
effect on the emittance of volcaaic ckmds. 

This study has shown that the discrimination of volca- 
nic cloads using AVHRR ims^fflcy is nrns coi^lex iiam 
previously thought and has i<teB^ifwi seveiaJ i^mn^rs 
that contribute to this com|toti^. Ties® iacfade doad 
water content and paitick size, c«SJC«Etf3ra^n, aid compo- 
sition. Additional factors not included in this study include 
the role of acid aerosols (Prata, 1989a) and sensor viewing 
geometry. The relative importance of each of these parame- 
ters can be investigated in laboratory experiments utilizing 
an imaging rEciometcr to observe simulated volcanic 
clouds. Images can be collected at the same wavelength 
intervals as the AVHRR sensor, and image-p-ocessing 
operations similar to the ones described in this paper can be 
conducted. Results of the laboratory studies can be used to 
guide fot^re woric on fiermal imaging and particle and gas 
ssnplittg of actual volcanic clouds. 



fine particles as the cloud dii^p^Eses. Laboratory leflectoce 
measuremente are inadequate to explain tihe spectral vari- 
ability observed in imageiy of the Redoubt volcanic 
clouds. Emittasce mes^asments need to be ma<^ of simu- 
lated volcanic clouds in the laboratory and in situ ineasare- 
ments and particle sampling need to be conducted on actual 
volcanic clouds to provide "ground truth" for interpretation 
of satellite imagery. 
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CONCLUSIONS 

Volcanic clouds of a variety of ^pes and scales were 

observed and mapped by AVHRR images during the 
Redoubt eruptions of 1 989-90. These examples broaden the 
experience on volcanic cloud tracking and discrimination 
using multispectral image-processing techniques and pro- 
vide insight on additional work that needs to be conducted. 

A major conclusion of this paper is that volcanic clcnids 
have natural variability that is reflected in satellite ims^ 
and that affects the methods used to discriminate and map 
their dispersion. This variability is magnified for activity 
like that of Redoubt Volcano, which chang«l eruptive mech- 
anism during its period of activity. Most ash-producing 
eruptions from other volcanoes, particularly the larger ones, 
are more likely to resemble the early (type-1) clouds of 
Redoubt. This is encouraging because the simple method of 
discrimination of volcanic clouds using apparent tempera- 
ture differences between AVHRR bands 4 and 5 works well 
on type-i clouds; therefore, the simplest methodology is 
likely to be useful in many of the most serious cases. Dis- 
crimination of volcanic clouds using the band-4-minus- 
bm&S operation is <iflScuk or impossible fcnr vety yoking 
clouds with high water content and (or) a large particle size, 
but it is very useful for drifting volcanic clouds. A major 
uncertainly of this method k dte psurttcle conc«!^ra^on 
tetjuired to jsodace a measurable signal. 

Ash reflectance is controlled more by particle size Aan 
by particle composition. Hie fin«5t!oiiatioii of ^ass aiwl ays- 
tals in a volcanic cloud arc not likely to produce reflectance 
and emittance differences on their own, but fractionation 
will operate in conjunction with the proportional increase of 
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ABSTRACT 

Radar detection and tracking of volcanic ash firan 
Mount St. Helens demonstrated the usefulness of real-tinve 
surveillance of ash clouds. The radars used were operational 
National Weather Service (NWS) magnetron systems. The 

low radar reflectivity reported for volcanic ash clouds makes 
the detection and characterization of the potential threat to 
aviatioa a feisii^Me ^sk. The NWS is procuriag piised 
Doppler radars with erJianced sensitivity that may find 
application in volcanic ash cloud surveillance. Contempo- 
rary airborne weather radatS: feick the capabi! ity to iSi^ect voi- 
canic ash and provide waaasirig iirformation. An overview of 
radar principles and tecfenicaf isaics relate to observing vol- 
canic ash illustrates the capabilities and limitations of radar 
in this application. Azimuth and elevation scanning strate- 
gies are pr^eaited. A techniqpe is discussed for measuring 
wind ^>eed and particle fall velocity when an ash cloud 
passes over the radar. The functional elements of a digital 
radar processor are described to acquaint users with their 
potential. The WSR-88D (NEXRA0) is rea>f»zed as *e 
most suitable candidate for volcairic ash doad surveiBance, 
both because of its sensitivity and its ptesed deployment in 
the vicinity of theCascsrfefenge'aEid in Alaska. A candiikte 
radar for r^earch m voicauic is suggested. 

MTRODUCTKM 

Recent aircraft encounters with volcanic ash have 
renewed interest in the examination of the capability of 
radar to detect and characterize ash clouds. Successful use 
of National Weather Service (NWS) and Federal Aviation 
Administration (FAA) radars during the Mount St. Helens 
eruptions (fig. I) demonstrated their d>ility to generate 
information of scientific value and their potential use in 
providing warnings to aviation (Harris and others, 1981; 
Harris and E<m, 1983; Rose, 1987). TMs report ccmiders 
the capabilities and limitations of ground-based radars that 
will become operational during the 1990's as they apply to 
providing data useful in generating aviation warnings of 
volcanic ash. The inability of airborne weatiier radar to 
d^ect voicatiic ash is noted. 



The scientific and aviation interests in applying ra<te 
to the monitoring of volcanic activity include determining 
(1) whether an eruption is omaring, (2) the eruption height 
versus time (to use in estimating itte rate of eruption), (3) 
cloud dimensions and altitude range as a function of time, 
(4) estimates of successive cloud positions and boundaries 
and initial trajectories (i.e., tracking and prediction), and (5) 
when the initial explosive pulse has ended (Harris, this vol- 
ume; R<»e, 1987). 

Volcanic ash detection must be capable of providing 
wide area coverage to serve the needs of aviation. Owing to 
its OTiaff parf cle size, density, and dielectric constent, tihe 
low radar reflectivity of ash clouds may limit the range of 
ground-based radare to a few hundred kilometers. Noting 
iiat ash. Ml aid airciMI, <iai«age have been r«^rted more 
than 1,000 km from Mt. Pinatubo (Casadevall and De Los 
Reyes, 1991), it is clear that hazard-area coverage by direct 
det«5tio« of fte :ash ..clmd by a .aagle, ^mmMm^ 
!00-200-km-range radar is not possible. 

Eruptions of Mt. Pinatubo (Pinatubo Volcano Observa- 
tory Team, 1991) and MmtA St. Helens Jewell aiKi 
Deepak, 1 982) produced ash layers at several diffoi^ alti- 
tudes that traveled in different directions. Beca)» it is 
unlikely tot distal ash clouds, whicii mi^t be a threat to jet 
aurcraft, will have sufficient particle size and density to be 
deto^aWe by radar, it is necessary that proximal observa- 
tions be made to d^rraine the disposition of clouds for use 
in long-range forecasting. It should be noted that clouds that 
are several hours old still can have particle concentrations of 
1 g/m^ or higher in the cloud core along the plume aocis, 
which will aid in radar detection (Harris, this volume). 

If appropriately located with respect to the erupting vol- 
caiK>,i*e isdarc^ detect and track the ash cloud and provide 
data to a warning network (Rose and Kostiaski, feis vol- 
ume). Owing to the varied winds aloft, an important role for 
a radar operating near an erupting volcano is to report the 
altitiide of ash cloud layers to the meteorological and avia- 
tion forecasting centers where the information can be com- 
bined with wind profiler (Lcary, 1992) and satellite 
observations to develop an operationally useful two- or 
fliree-dimensioaaaii record of & &^)ositioa md motion of 



419 



420 



VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM 



g - 




EXPtANAITON 

Extent of eruption cioud as observe<l by; 



' NWS ievei-1 radar 

' NWS tevei-2 radar 

(^_^ HQAA weather ssteilite 

Figare 1. Radar and satellite depictions of Mount St. Helens erap- 
tion clouds on 18 May 1980 at 17:40 PDT as observed by Seattle 
and Spokane radar systens and NCAA weatte satellite. The dis- 
parity in coverage between the two sensor systms infficates flie 
need for multiple-radar and multi-sensor surveillance of volcanic 
ash. The radar reports may be understated due to omission of echoes 
whose signal strength was less than NWS (National WcathOT Ser- 
vice) level 1 and tnay be due to possible block^e by mountains «ast 
of Spdi^s3s. From Hants and ofeers ( 1 98 1 ). 



network of wind profilers is expanded to cover conterminous 
United States and Alaska, the winds from 1,600 to 53,000 ft 
will l« measured 10 times p«r hoyr to provide data that will 
&shmc& the a^ccmxy of prediction of cloud trajectories at 
different altitudes. 

The remainder of the report will describe radar detec- 
tion theory, the architecture and faactk)iis of a typical mod- 
era weather radar system, and the parameters md 
applicability to volcanic ash detection of both ground-based 
and airborne systems that are being deployed. Finally, a 
transportaWe radar will be ^commended for emplacement 
near a volcano that is active or anticipated to erupt 



DETECTION THEORY 

Rad£^ dbtex^cHi of volcanic ash is comparable to 
detection of precipitation and clouds — i.e., it involves a 
volumetric target of many, small, moving particles. One of 
the major challenges results ftom the difficulty in distin- 
guishing ash cloud echoes from hydromctcor and clear-air 
reflections. Comparison of the position of the origin of 
clbu^ wifij the pdsifion of tiie volcano and correlation with 
current meteorological data provides information for identi- 
fying ash echoes. 

Because the ash cloud is a volumetric target, the Prob- 
ert-Jones (1962) equation (cq. 1), which is widely used by 
meteorologists, can be applied to calculate the effective 
reflectivity of the volcanic ash cloud. 



the volcanic ash. Satellites such as NOAA-11 and NOAA- 
12, which carry the advanced very high resolution radiome- 
ter (AVHRR) (Hok^ sM Rose, 1991; Hastings and 
Emery, 1992; l»fetsoa and' olhars, this vdtarote) provide 
observatbus timt ciaa^'be ^tts^'-te'feadcicg''stf;d f<*eeastmg 
movemei« of volcanic ash. A recent example is tie use of 5- 
cm radar to obtain timely vertical profiles of the erupting coi- 
vmn from Mt. Spurr (Alaska Volcano Observatory, 1993). 

H^fter and others (1990) have reporteda Ssm^ emii 
of less than 25 percent of the downwind range (for distances 
often beyond S JXX) km) for 90 percent of the cases verified 
at 300 mfc and less tei 50 percent at 500 mb. Even though 
this is a significant accomplishment, better long-range fore- 
casts are needed to support air traffic operations: damaging 
ash psaticles fetve been reported M i ^ km fr<»i mjipt- 
ing volcano (Casadevall and De Los Reyes, 1991). Forecast- 
ing will be enhanced by new radar facilities, which are 
plaiHwd or under evahiatbn 0ifM3t&, tiWs vdteme). The 
National Weather Service is installing a network of Doppler 
weather radars that will cover the conterminous United 
Ststm, Alsska, and Hawdi. The locatiotw of nidars to be 
installed in the vicinity of the Cascade Range and in southern 
Alaska are shown in figure 2. If the current National Oceanic 
and Atmospheric Administration (NCAA) demonstration 
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where 

is the received echo power (watts). 
Pi is the peak transmitter power (wans), 

G is the anteima gain ([7c2^?]/[64>], where k = !), 

% is the wavelength (cm), 

8 is the horizontal 3-dB beamwidth (radians), 

^ is the vertical 3-dB beamwidth (radians), 

X is the pulse length (s), 

c is the velocity of light, 

r is the range (m), and 

A' 

2^ is the rdlectiv^- per msA vohime (= r\% 

1- 1 



where 

A is the diameter of the ifh drop, and 



(1) 
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(where m is the COTipiex iadex of 



N 

reflectivity factor, Z "^^t • If metric ««its are 

t^ed, Z has the <fiaieas!ons of txfi/m^. 

The Probert- Jones equation applies well to the beam- 
ftiled case. For spherical particles whose diameters arc less 
thaa over a range of ■wzvQlemgks fc<m 0.9 to 10.0 cm, 
the Rayleigh backscattering approximation can be used in 
calcal^ng o,. The reflectivity factor, Z, used by meteorol- 
ogists is related to iie ssamnatson of the axth power of iie 
diameter of spherical particles in a unit volume. When the 
scatterers are small with respect to the radar wavelength (i.e., 
when the Rayleigh approximation for tackscatter is applica- 
ble), the index of refraction is known, and the beam is known 
to be filled, measurement of reflected power and range per- 
mit the calculation of Z, the reflectivity factor. In the ca» of 
volcanic ash, particle shape and concentration, and the extent 
of beam filling are generally unknown. Because all of the 
requirements of the foimula for the reflectivity factor are not 
met, the effective reflectivity factor, Zg, is used in place of Z. 



The value of for water is 0.93, whereas for ash com- 
posed of silicate glass, IfCp- is 0.36. Measurements of silicsrte 
glass made at fre<^encies of 0.450 and 35 GHz differ onfy 
slightly (Campbell aisi lirichs, 1969). 

Estimates have be^ made of particle sizes based on 
feHBig velocities iiiferroS from the decrease in ash cloud 
altiftide wi# time (HsOTis and Rose, 1983). Owing to sixth 
power dependence of the reficctivity, the larger particles 
dominate in deteixnining reflectivity. The shape of the air- 
borne ffih is conipiex <fiie to agglomeration of die parti- 
cles (Rose and Hoffman, 1980; Harris and Rose, 1983). 
However, the large particles tend to be equant md, 
because of titeir dominance in contributing to the total 
reflectivity, the asymmetry associated with the smaller par- 
ticles is not of significance. 

An example of cloud paraineters tJsat illustrate a taxing 
case for detecting light ash cloud from the Fuego Volcano is 
presented by Harris and others (1981). The ash cloud mea- 
surement compares with that of warm orographic rain (0.02 
mmfh). Differences in particle size and number can signifi- 
cantly increase reflectivity. For example, .Mount St. Helens 
had an equivalent Kfflectivity in fte (fcwnwind ash clcnid of 
29-40 dBZ,, (Harris and others, 1981). Harris (this volume) 
assumed that the lower reflectivity portion of the ash cloud 
was 10 dB weaker, correspwdisg to an effective reflectivity 
range of20 to 30 <BZ«. 
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Harris and Rose (1983) calculated reflectivity values 
for Mount St. Helens clouds based on paticle wss disfcribu- 
tions and estimated accumulation rates of ash deposits. They 
provide an independent method of assessing ash cloud 
reflectivity titet caa be used is e^kiaURg ra<kr ^tecti<» 
perforaaaace. 



REFLECTIVITY AND DOPPLER 
VELOCITY MEASUREMENT 

Weather radar techniques have been used effectively 
in the obsexvaips of voicaaic ash, as acted above. Fffltere 
observations will baiefit Ikom signifirant advances lisat 

have been made in microwave equipment, compyters, Dop- 
pler and ijeSedivity sigsjal procesising, data-extraction ^o- 
rithms, and automated (^serations in making quantitative 
weather measurements. Doppler radar facilitates direct 
measurement of die radial component of velocity, coherent 
signal integration, and removal of interfering ground-clutter 
echoes. The same techniques enhance the observation of 
volcanic ash whenever an eruption deposits measurable 
quantit!^ of asii within tfw surveillance vditime of fte 
radar. This section describes the features of a generic Dop- 
pler weather radar. Doviak and Zmic' (1984) present a 
coraprebensive trestoent of &e measBrement of reflectivity 
and Doppler velocity. 

it is assumed that a weather radar operating at a 5- to 
10-cm wavetogtii is m&d for volcanic ash aitveiilance. In 
the most commonly jESg^Xolumetric observiugJBKMie, taking 
3 to 5 minutes, its pmcil-beam antenna is programmed to 
scan contsnuoudy in azimuft while st^pag in elevation 
after each scan to cover the altitudes of interest. As an exam- 
ple, a 360° azimuth scan of a radar with a 1.5° beam width at 
aa elevatic^ : angle close to &.& -horizon, processing 64 sam- 
ffes per resolution cell (one beamwidth by one 150-m-rangc 
fflTOple), takes approximately 40 seconds. Using the same 
radar :paj»n^rs, observing in Ae range-height iadi<a*or 
mode with the antenna scanning over a range of elevation 
angles from the horizon to 30° takes about 3 seconds. The 
exact time to achieve fte desired covei^eis a fanction of fee 
volume to be scanned, the radar parameters, and the signal 
integration employed. Variants of these scanning strategies 
are used to accommodate different meteorological situa- 
tions. Others will be required for observation of volcanic ash 
and ejects. 

Fi^re 3 is a tfw ^eric Modk diagram of a ra<fesr sys- 
tem that employs a coherent transmitter and receiver to sup- 
port Doppler processing of echoes. Transmission and 
reception use the same parabolic antenna. A transmit-receive 
(T/R) switch isolates and protects the receiver during the 
time that the transmitter is operating. Upon reception, the 
signal is translated to a lower frequency where filtering and 
detection take place. The detected signal is quantized using 
a sampling interval corresponding to a range of 0. 15 to 1 km. 



Subsequent calculations of reflectivity, Doppler (radial) 
velocity, and spectral width are performed by a high-speed, 

digital processor. Ground clutter is substantially eliminated 
in the signal-processing operation. Spatial and temporal 
smoothing are applied to the reflectivity and s^M- vidoc^ 
fields prior to transmitting the data to the display processor. 

Owing to tiie height extent, the variability in ti& effec- 
tive iefle<^vity of the desired signals as a ftaiction of fte size 
distribution and composition, range to the scatterers, and the 
presence of intense ground-clutter echoes, the strength of the 
seceivfixl islgnais can range over 90 dB. To accommodate a 
iat^ laage of sigrsal intensiQ' within the linear range of the 
receiver md aaaJog-to-digita} converter, appropriate gain- 
controi circuits are employed. 

A number of operational modes employing different 
scan strategies are used to accommodate different mcteoro- 
l<^cai situations. Currently planned precipitation surveil- 
lance modes for the we^er surveiiimce radar-88 Doppler 
(WSR-88D) take 5 to 6 misotes lopi^>1'lde range unambigu- 
ous coverage up to an altitude of 2 1 km. The dynamics of 
eruptions should be factored into, the scan strategies designed 
for ash surveiilance. For example, noimai weather scans may 
be automatically interrupted in the interest of executing 
range-height scans around the plume. The volcanic observa- 
tions cmM be oied by fee <fcto;rton of ejecta above a vol- 
cano or by an increase in seismic activity. 

A radar located close enough to a volcano to observe 
fee npifeaft of fee f^tnae w<»M be both sseftil in identifying 
an event and in providing the volcanologist with important 
dynamic information on fee ejecta. Doppler radar measures 
feeradfeltMponent of '^i<^(Sity;'iea*e; when situated close 
to a volcano, it may be capable of measuring the vertical 
velocity of fee plume. As shown in figure 2, radars planned 
for instaliation in Alaska and in the vicinity of the Cascade 
Rmge are generally located beyond i 00 km from volcanoes 
(Htrfford, feis volume) and may not provide reliable obser- 
vation of the plume. A dedicated radar, located near the vol- 
cano, would characterize fee plume and initiate generation of 
aviation hazard wjemings. 

With fee advent of relatively inexpensive cossfiJtors, 
aatomated weafeer radar aigorifems have been in^l&- 
mei^d for identifying were storms, measuring echo tops, 
calculating wind shear, tracking and predicting storm-cell 
and gust-front motion, and eliminating echoes due to anom- 
Ams pmpsgsAm ^oyes fflfd others, ! 99 1 ; Weber and oth- 
ers, 1991). The results are automatically presented 
concisely to observers on a geographic situation display 
and can be readily transm.itted over commercial telephone 
lines. Similar algorithms and facilities can be employed for 
volcanic ash observations. 

Figure 4 is an example of a Etof^ler weafeer radar 

range-height display of a large sheared convcctive storm 
(S.G. Geotis and E. Wiliiam.s, MIT Weather Radar Labora- 
tory, written commun., 1 99 1 ). This storm is morphologically 
similar to fee volcanic plume distortion caused by wind 
shear shown in figure 5 (Newell and Deepak, 1982). 
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A TECHNIQUE FOR 
OBSEEVATION OF ASH CLOUDS 

The wind velocity at the altitude of the ash clouds is 
essential to volcanologists and to forecasters in providing 
aviatioti hazard waoiings. Doppier radar can determine only 
the radial component of U»e wmd from a stand-off location. 
When the ash cloud passes over the radar, it is possible to 
determine the vertical profile of the horizontal wind within 
the cloud (L'henBitte and Atlas, 1961). The nedied data are 
collected by holding the antenna at a constant elevation 
angle aad by recordiBg^tbe radial yelocity at several ranges 
while fte antenna is scanisfid 360** is azimuth. The mean 
Dopplor velocity varies sinusoidally as the antenna scans a 
volume of particles that have uniform wind velocity and par- 
ticle fell speed. Msximz and minima are d)s«rvsrf -whsa Use 
beam azimuth passes upwind = 0) and downwind (p = tz). 
Using the following equations (from Atlas, 1964; L'hermitte 
m& Atlas, 1961), tibe hcfflzmtal wjiskIs asd tmninal velocity 
of the precipitation jKirticles are c^IcQlated. 

When P = 0, 



Y\ = F^ina-r F^cosa 
When P = JC, 



(2) 



Vi = V j&ina - Y ..cosa 
The wind speed at altitude, h, is: 



2cosa 



and the particle fall speed is: 



(3) 



(4) 



(5) 



2sina 

This processing, fef«EKd to as the velocity azimuth display 
(VAD), has been extonifed (Waldteufel and Corbin, i 979) to 
produce wind jRelds over a tifffee-dtm^siona! volmine (vol- 
ume velocity processing — VVP). Whenever the disposition 
of the radar and ash clouds arc favorable for the perfor- 
mance of the 360° scan, the VAD or its later realization pro- 
vides a capability to measure horizontal winds and the 
terminal velocity of ash particles. 

COMPARISON OF CANOffiATE 

I> A n A 1> CVCXIPIi/IC 

The parameters of four radars (three ground-based and 
one airborne) are presented in table 1 for comparison. The 
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Figure 4. A two-dimensional rcprcsenation of a sheared thunderstorm on a Dopplcr weather radar display, as viewed in real time. The 
upper panel shows the radial component of the velocity of the storm cloud. The velocity profile indicates Doppler folding as the wind exceeds 
1 6 m/s in the range of 3 0 to 70 km from the radar. The lower panel shows the intensity of the sheared thunderstoim . Range label on horizontal 
scale indicates range from NEXRAD station. This type of large, sheared thunderstorm bears a strong resemblance to the schematic cross 
section of the volcanic ash cloud that is shown in figure 5. For additional information about Doppler radar, see Doviak and Zmic' (1984). 




Figure 5. Schematic cross section of volcanic ash plume distor- 
tion caused by wind shears. Altitudes expressed in thousands of 
feet. From. Newell and Deepak (1982). 



three ground-based radars wsli be in widespread use for 
meteorological purposes in the i990's. The WSR-88D is 
used by the NWS, the FA A, and the Department of Defense 
for long-range surveillance and severe storm detection. The 
terminal Doppler weather radar (TDWR) is used by the 
FAA for detecting thunderstorms and microbursts in the 
vicinity of an airport. The transportable C-barjd radar is 
used by a number of universities for research purposes and 
also finds widespread use in general weather radar service 
by governments and industry. The RDR-4A is typical of the 
small, lightweight units in use on commercial jet aircraft. 
Note that the performance of the RDR-4A radar is orders of 
magnitude lower than that of the ground-based radars, and 
this radar as well as other airborne radars in its size class 
should not be relied upon to detect the presence of hazard- 
ous volcanic ash. 
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Table 1. Parameters of various radar systems. 

[NEXRAD, next-geocration weather radar; TDWR, tcnniaii Dopplcr weather radar. Sources of informasion: Hciss and others 
<i9^), $.0. Geoiis aad E. WiBians, MIT Weafter Rate Lsbojmory, vnaea eonanun. (19$} )] 
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Wavelength (cm) 


5.40 


10.50 


5.30 
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Transmitter output power 
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m 
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Astenna gain (dB) 


43.75 


45.50 


50.00 


35.00 


Horizontal and vertical 










antenna beamwidii {") 


1.6 


0.95 


0.50 


3.40 


Noise figure (dB) 


1.8 


4.07 


1.80 


5.00 


Pulse width (fis) 


1 


1.57 


1.10 


6.00 






4,50 






Puise repetition frequency (Hz) 250- 1 ,200 


318-1,304 


300-2,100 


363 


Miirimtan discernible signal (dBm) 


-106 


-no 


-110 


-112 


Approximate reflectivity detectable^ 










atiOOkm(dBZe) 


12 


-2 


-6.2 


22 






-10 







' WSR-74 juodified for Dq>pler processK^. 
^ !>^paids on scamm^md procemog. 



To illustrate the relative perfonnsHK^ of the fosr ra<iars, 

signal-to-noise ratios as a function of range have been calcu- 
lated for a reflectivity of 10 dBZ^ and are shown in figure 6. 
Tl^ eff«:& of pix^agation, taiig^ chai^steristics, signal inte- 
gration, and specific radar system losses omitted from this 
simplified illustration must be included in estimating perfor- 
mance. The factors affecting detection are discussed ia 
Doviak and Zmic' (1984) and in Echard (1987). 

It is clear from figure 6, which is drawn for a 10 dBZ^ 
reflectivity value, thatfte WSR-88D and TDWR ate capaijie 
of achieving reasonable detection performance. When it is 
located near the erupting volcano, the transportable C-band 
radar is useful in Meeting volcanic ash cl<nKls Boffi for 
research and for generating hazard warning information. 

The features of the WSR-88D radar are presented in 

teble 2. This radar will be widely installed in tlw United 
States. Five systems will be located in the Washington-Ore- 
gon area near the Cascade Range; two will be installed at 
Anchorage and King Salmon, Alaska, widiin approximately 
115 km or less of the volcanoes located to the west and 
southwest of Anchorage. The radar locations are listed in 
laWe 3. fa order to serve mmy users, liie system is parti- 
tioned so that the base data (comprising radar reflectivity, 
Doppler frequency, and spectrum width) arc sent via tele- 
l^ne lines to tiie user's data-pnx!«s«ag fecility. TTie WSR- 
88D weather radar is the most powerful system being widely 
deployed and should give the best performance in detecting 
volcanic ash. 

Even though the TDWR has a useful detection capabil- 
ity, the systems are programmed for installation in regions 



(/3 50 ', 1 r- < '^t — » I ' 
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Ui 40 h 




RAMGE, IN KILOIVIETERS 



Figure 6. Comparison of the s^nal-to-aoise performance of con- 
temporary weather radars cafcahted for an equivalent reflectivity of 
10 dBZ,, (soc text). Actual performance will depend on losses and 
processing gain. Note that the air-carrier radar (RDR-4A) is almost 
three orders of mJ^ituife Ifiss opibk thsm the WSR-88D 
(NEXRAD) systmi. 
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Table 2. Characteristics WSR-88D. 

{Ato Heiss and others (5990). R^rintsd with pcmissionj 



Radome 

Diameter 

RF loss (two way) 

Steerability 

Rotati«E!al rate (maxiKajm) 
Accdaration 

Polaitzation 

Reflector diameter 
Gain (at 2,800 MHz) 
BemmMx 
Firs^ saMobe level 



Fi)e)^la^ ddn foam saadwidi. 

39 ft 

0.3 cB at 2,800 MHz. 
Elevation over azimuth. 
Azimuth Elevation 
-Pto45'' 



360» 

J505-; 



36° 
-rto+60» 



Parabola of revolution. 
Circular. 

29 ft 
45.5 dB 
0.95* 
29 dB 



liter smd rec«ivcr subsystem 



Transmitter 
Fpe^uescy 

Peak power 

Pulse widths (nom.) 

PRFs 

R^^iver 

Dynamic range 
Noise temperature 
Intermediate frequency 
Bandwidth (3 dB) 



2,700 MHz to 3,(m MHz 

750 kW 

1.57 us and 4.5 us 
0.0021 (max.) 

(Short pulse) 318 Hz to 1,304 Hz 
(Long pjdse) 318 ife to 452 Hz 

95 dB 
450° K 
57.6 MHz 
0.79 MHz 



^0al Proctissor Subsystem 



Clutter caacelier 


lafiaite iK^alse-response design. 


Si^p^sson 


30 dB to SO dB 


Notch half widths 


0.5 to 4 ms"' 


Reflectivity bias 


0 to I dB (on 4 ms""' width signal). 


Minimum usable vdocity 


0 to 4 ms"' 


Range sampling 


0.25 ion 


Azimtith san^ii&g 


r 


Velocity calcuUtkai 


Ccm^eK a^ariance ai^omest. 


Algorithm 


Pjiise-pair prooessBg; 


Estimatioii accuracy (nom.) 


1 ms~' 


Nambff of pilses averaged 


40 to 200 


Range iscremest 


0.25 km 


Azimuth increment 


r 


Spectrum width calculation 


Autocorrelation. 


Algorithm 


Single lag conektion. 


Estimate accuracy (nom.) 


1 ms"' 


Ntjmber of pulses avecaged 


40to2CN) 


Range increment 


0.25 km 


Azimuth increment 


I* 


Reflectivity calcalatioi! 


Return power average. 


Algorithm 


Liae^ powo' avan^e. 


Estimate accuracy (ncm.) 


IdB 


Ntimber of pulses averaged 


6 to 64 


Range increment 


i km 


Aziitmth it»3rement 
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•BtWe 3. WSR-88D iocatos plaijiusd as <^E^«b» 4, 1992. 

pst, EstsmataJ; Sea/Tac, Se^fc/Tacoitia; TBD, to be dwetaBnedJ 





St. dCi:vcr%' date 




Longituos (W.) 


Cascades 


Eureka, Calif. 


Nov. 1994 


40°29'55" 


124°IT27" 


Medford, Orcg. 


Aug. 1995 


42°04'52" 


122°42'58" 


Peadletoa, Oreg. 


Oct 1995 


45°4r26" 


Ii8°5r09" 


Portkffii, Oreg, 


Nov. 1994 


45"'42'53" 


122»5756" 


Sea/TsK!, Wash. 


Feb. 1994 


48nr4G" 


!22«2^45* 


Spokai^, Wa^. 


Nov. 1995 


47'W52" 


n7'3742" 


Akska 


Ad^kx^ 


JHxse 1995 


60*43'33" 


151»21'05" 


BelM 


May 1996 


TBD 


TBD 


Fairtanks 


Sep. 1995 


65''02'05" 


147"'30'04" 


King Sainaon 


Apr. 1996 


58°40'45" 


1S6°37'48" 


MiddletoH Island 


July 1995 


59*26'02** 


I46n9'57" 




May 1996 


THD 


TBD 


Sitia 


Aug. 1995 


56*51*0" 


133»3138" 



having frequent thunderstorm activity and associated 
miaciursts, which are hazardous to flight No TDWR sys- 
tems will be m^led in fte vicinity of Ifce Cascade Range or 
in Alaska. 

Ths tmsportable C-baad radar, designated WSR-74, 
has proven to be a highly versatile tesmch instrument as well 
as an operational system. The Massachusetts Institute of 
Techiwic^y weather ra<fer groi^ has ksaaUed their unit in sea 
containers for deployment in fee Soofe Pacific. Over the past 
5 years, the radar has moved once or twice a year in support 
of operations in the United States and Australia. This radar, 
outfitted witii a 10-m antenna, is the least expensive system 
for research. It can be rapidly deployed near a volcano when 
activity indicates an imminent eruption. Emplacement of a 
carefully packaged unit should taiee less than a wcdc. Con- 
sideration should be given to acquiring such a system for use 
by volcanologists for basic research and for the further devel- 
opm^ of aviaticKD^kcz^d-wanmg techniques. 



SUMMARY 

Radar has proven to be useM in locating volcanic ash 
clouds md can be used m aviation hazaid forecasting, partic- 
ulariy if the radar is located close to the erupting volcano and 
if hydrometeors can be identified independently during the 
eniption. Undbr fiKsse circumstaiMxs, my echo origin^ing at 
the location of the volcano may be presumed to be an ash 
cloud and can be tracked in position and altitude. The alti- 
tude infonnation, coupled wife winds aloft data, can be used 
to infer trajectories for ash clouds at different altitudes — a 
valuable input to the aviation hazard warning system. 

A Isrief overview of radar detection of voiramic ash, 
based on weather radar pnwtice, highlights fee poteirtial of 



ground-based radar observations. The reductitm of fee effec- 
tive reflectivity factor with time as a result of the precipita- 
tion of the larger ash particles, the location of fee radar wife 
respect to fee ash doud, and detection cstpability of a radar 
set a limit in the hsmd wwiing «ea tot msy be smed by 
a single radar. 

Performance estimates show feat fee WSR-88D 
weather radar kas a pot^tial to perform volcanic ash surveil- 
lance, A progiam is underway to install a network of feese 
ra<fers covering ail 50 States. Means to exploit fee observa- 
tional capability of fee WSR-88D radars for volcanology and 
aviation-hazard-related applications should be investigated. 
It is ffiticipated that appropriate operating strategies, com- 
munications, processing data recording, and display equip- 
ment, as well as processing algorithms, will be specified 
(Evans, feis volume). 

A dedicate4 transportable research radar is suggested 
for fiirth« ssai(fy of voic^ic ash clouds and for th& perfection 
of ai^jaated al^»Miim for generating hazarf- v^ratiags. 
Techniques for radar sensing that may be useful for enhanc- 
ing radar surveillance of volcanic activity should be investi- 
gated. Spectral claracteristics of echoes, dual-polarization 
observations, and multiple-frequency observations are 
among fee candi<ktes that may be considered. 
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ABSTRACT 

Volcanic eruptions adversely impact mmzft 
safety by ejecting vast quantities of ash into the atmo- 
sphere. The eruption of ash may go undetected by observ- 
ers both on the grotrnd and in dse air, especially at jrsanote 
volcanoes, at night, and in poor weather. It is therefore 
important to develop a system capable of nxHBttsiag the 
eruptive st&ts! of volcanoes fet does not ds^ad m vim&l 
ash-cloud sighting. Numerous geological techniques arc 
being developed for this purpose, some of which depend on 
making careftil measurements of groaad mov^eats at vol- 
canoes. Ground deformation preceding volcanic eruptions 
occurs at relatively high strain rates, which can change on 
time scales of hours and perhaps minutes in the days 
directly before eruption. Geodesy using the global position- 
ing system (GPS) is perhaps the most promising technique 
for autonomously monitoring volcanic ground deformation 
wiA daily and sub-da% time r^olution. Recent launches 
of ad<Stional GPS satellites and iijcre^ed tracking-station 
distribution have resulted in an increase in the number of 
short intervals during the day with strong satellite and 
grotmd-station geom^ry, making it possible to investigate 
high-strain-rate phsmmsm over sab-daily time scales that 
accompany volcanic erections. Once rapid volcanic ground 
movments are better understood, it may be possible to 
develop a relatively inexpensive GPS system that can be 
used in conjunction with other monitoring techniques to 
warn mtcsiM of an <^ e<m|^^. 



INTRODUCTION 

Volcanoes present the most severe geological hazard 
to aviation because tiiey can inject huge quantities of rock 
debris and fine particles and corrosive aerosols into the 
atmosphere. This debris can be directly ingested by aircraft 
engines and can cause flameout or serious malfiraction, or 
the debris can remain for months in the atmosphere and 
contribute to the giadual deterioration and erosion of air- 
craft cotnptm^tts. 



Hazards to aircraft posed by volcanoes can be miti- 
gated by a system for wamitig aviators of m impendiiig or 
ongoing eruption, evm when visual cotroboratioE of erup- 
tive activity is not available. Visual sightings are difficult 
during the sight and poor weather or when a relatively 
resntiote sKtive volcano lies akaig a flight patfe. In addition, 
very diffuse ash clouds can drift hundreds or even thou- 
sands of kilometers from their source and pose a hazard to 
aiicraft. ttoeftae, an effective wamisg systetn mast be 
based on the ability of earth scientists to gather and cor- 
rectly interpret information regarding the status of a 
volcfflio's activity. 

A variety of volcano-monitoring techniques have been 
devised in the hope that a clear indication of an impending 
eruption can be determined. The most commonly used tech- 
niques of volcano monitoring fall into three categories: (1) 
analysis of seismic patterns (McNutt, this volume), (2) anal- 
ysis of the patterns of deformation of the Earth's surface, aztd 
(3) chemical analysis of the gas emissions from vent regions. 
As magma rises toward the surface, Ac Earth's crust is dis- 
torted or deformed to accommodate magma movements. The 
movements at the surface may be only as large as a few ces- 
timetecs, bat modem ia^mmesitation Is sufficiently precise 
to measure them. 

The global positioning system (GPS) is one of several 
geodetic tecfemqa^ tiurt can be used to me^ure deformation 
at the Earth's surface associated with mapsia movmeat. 
O&er techniques involve the use of: (1) levdiing, in whtdj 
vertical motions are measiml vsrife precise opica!-leve! 
instruments. (2) laser geodimeters, or electronic distance 
meters (EDM's), which measure horizontal motions over 
distances up to approximately 1 0 km, (3) tilt meters, and (4) 
strainmeters, which record small changes in the dimensions 
of crustal rock that are induced by deformation. 

Altfeoagh most of the above monitoring methods are at 
least as precise as a GPS-based system, GPS has several 
important characteristics that arc not shared by the others 
th^ suggest it could provide the most effective monitoring 
capability. GPS receivers arc readily available and are 
becoming reasonably priced. In contrast, laser geodimeters 
and str»nmet@rs are cu^xsn Imilt and are e3cp«aisive. GPS 
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data-collection and analysis costs are also becoming compet- 
itive and will decrease with time. Once a GPS receiver is in 
place, the only labor cosfcs am iims .assodated witli data 
amiysas mi ste maiateaaiice. Most other j»oaitoiing me&- 
ods, sadi as leveling, require many hours in the field by a 
crew of several people to collect data. In additioi^ as GPS 
monitoring is a remote t^iiniqpe — ftere is IMe risk to 
human life in a potentially hazardous geological environ- 
ment. Probably the greatest advantage of GPS is that it can 
provide complete spatial positioning over a vast range of dis- 
tances without a iine-of-sight requirement among the sta- 
tions. Although gcodimeters measure distances with high 
precisiGBj li« tack oi feee-dim.ensiond control meajB <liat 
interpretaticas of length changes becomes increasingly diffi- 
cult as imeittKe slope increases (Savage and Lisow^i, 
1 984). This ctHitribtaion es^ka^ tite ase of GPS for a vol- 
caao-aviation warning system. 



RELAHONSHIF OF GMMJHP 

GPS techniques are commonly applied to the investiga- 
tion of crustal deformation resulting from plate-tectonic 
motion. However, strain of the Earth's surface in volcanic 
environments diiffers maritedly j&om tectonic strain associ- 
ated with faults along and within plate boundaries. Spatially, 
volcanic signals are often characterized by large, local, ver- 
tical and dflatationai (stretching) components (fig. 1). Tem- 
porally, the signals are transient, generally remaining neatly 
constant for long periods and sometimes increasing by iie 
hoar 0^ minete in tibe days before an erai^n. Hiese amqae 
characteristics arc the direct result of the primary source of 
strain in volcanoes — ^pressurized magma migrating toward 
tiie Esath's suifece. IJims^c examines of tl» :peaKlidr fea- 
tures of volcanic deformation are provided by Iwo Jima and 
Mount St. Helens. At Iwo Jima, a volcanic island only 10 km 
ac^ss in Its l<»E^e^ ^im^oa, #te shotefee m which Cap- 
tain Cook landed in 1779 is now 40 m above sea level 
(Newhali and Dzurisin, ! 988). In the month prior to the cat- 
a^K^ic sector collap« and msp&m m 1^ Ihe 
north flank of Mount St. Helens moved outward at a rate of 
1.5-2.5 m/day (Lipman and others, 1981). 

Not ail groond defoimation episoides in volcanic 

regions culminate with an eniption. Hill and others (1991) 
have summarized some of the- most recent episodes of volca- 
nic unrest that have been monitored witti geodetic tech- 
niques. In the best known examples, volcanoes deform at 
rates ranging from centimeters per day to meters per day in 
tte kmrs or days before ertq>tioit, wl^reas magma move- 
ment at depth can cause strain rates of centimeters per year 
for years or decades with no eruption. It is necessary for an 
avi^ij-wanuBgcapaWiity to di^aagaash iie rapid forma- 
tion that may culminate in tihe eru^on of an ash column 




Figure 1, An example of a type of defomiation found at voka- 
nocs. This example is from Krafla caldera, Iceland, November 5, 

1976, to January 8, 1977. Heavy Hnes indicate the amount of verti- 
cal uplift is centimeters. Note Ihe distinct "bull's eye" pattern asso- 
cii^ wl& mag^a £^ pi^hmg ite ro<^ s^ve it l^i^hed 
indicate the rim of ihe caldera, a lai^ crater formed previously by 
collapse of a partially emptied magma chamber. Modified from 
Ewart aoi offliers ( ! 990). 



from the slower "backgKsmd" ctefarm^tm amed by non- 
eruptive processes. 

To date, fiieie is no known melhod for unambiguously 
di^agutsKng deformation leading to eruption. Swanson 
and others (1983) summarized the success of eruption pre- 
diction at Mount St. Helens in the period after the cate- 
strophic May 18, 1980, event. A pattern of precursory 
seismic and geodetic events developed during a series of 
dCHcne-t»ii!ding eruptions foHowing May 18. SOTne of ties& 
m^pm also produced explosive emission of volcanic ash 
iirto Ae n^tm^i^me. Because of the pattern of activity pre- 
c«fing eraptiom, most of the events were successfully pre- 
dicted in the days or weeks preceding the event. Swanson 
and others (1983) concluded that these smaller, quasi-peri- 
odic events fiat freqaen% octair iffe a pjffdxysami blast are 
amenable to monitoring and prediction. These authors felt 
that the short-term prediction of a major ash-forming event 
that poses a i^oiK avi^cm Mzssd, sask as that of May IS 
at Mount St. Helens, was a rather distant goal. 



im GLOBAL FGSITIONMG 
SYSTEM 

TTie global positioning system was developed and is 
being deployed by the United States Department of Defense 
(DOD) for worldwide, continuous, real-time point position- 
ing. It is a satdlite-based navigational system tiiat is increas- 
ingly being used by the civilian aM scientific communities 
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Figsre 2. For three dimeEsional point positioning, the GPS re- 
ceiver estimates four unknowns: its three-dimensional station coor- 
dinates and its clock offset from GPS time. This requfees 
observations from four satellites. The geometry of the satelliites de- 
tetmines t» strengfii with wMdi (Jie receiver can estimate fiscse pa- 
rameters. The term PDOP (position dilution of precision) is a 
measure of the strength of the satellite geometry to estimate these 
unknown parameters (Wells and others, 1 986). An example of good 
satellite geometry for 3-D positioning would be Arec receivers 
egaaJly i^aced on &e homzon and one receiver <firectiy overhead. 
Poor 3-D positioning geometry would have all the satellites directly 
above the receiver or all of the satellites clustered on the horizon. 
During 1 day, satellite geomeby varies continuously at every st^on 
s!h3 so does flie length of poist positioning. 



f<»- SDBTveyitig and precise geodetic afs^catkffis. GPS s^I- 
lit» otfeitisg the Earth passively broadcast timiag cote md 
orbital information that receivers on the ground or in aircraft 
can use to determiae their positioss. Tbe information is 
broadcast by the satdlites oji two L-band carrier frequencies, 
LI and L2. These carriers, the timing codes, and the orbital 
information can be used in a number of ways to position one 
or more GPS receivers. The mefliod implemented depends 
on the user's required precision, solution frequency, and the 
sophistication of the user's receiver. Processing algorithms 
can vary from independent point positioning of a single 
receiver in real time with 10-m accuracy to differential posi- 
tioning using data from a global network of receivers for mil- 
limeter to cmtfe^ssr ssccwaxsy p^siois. 

Real-time point positioniisg wiSi GPS is the determina- 
tion of the position of one receiver using signals broadcast by 
s&veml GfS saEtellites. GPS isatdBfe broadcasts ephe- 
mcridcs (orbital informadai) and timing information on the 
two L-baad carrier fre<^ies. The receiver uses the timing 
iaforma&ai to determine ite- range tO; esK* of lie satellites 
tto view. These ranges md^ the s^haneriides of the 
satelfites are used to estimate the receiver's position vector 
is an Eartih-ceatered reference frame tij® of^ of the 



receiver's clock from GPS time (fig. 2). To estimate these 
parameters, the receiver needs to collect data from at least 
km ^^iites sinsiitaaeo'^iy. The precision with wWdh it 
can determine its position depends on the accuracy of the sat- 
ellite ephemerides, the satellite geometry, and the accuracy 
of the rira^ to tbe ^teiiii^. 

JheiK are three types of ranging information that can 
be extracted from the GPS sigiial: P-code on each of the L- 
\md cariers (P! and P2) and C/A code on fte LI carrier. 
C/A code provides a coarse estimate of the range to the sat- 
ellite. Many receivers are commercially available that use 
the C/A code to provide 50-100-m positioning accuracy. 
More sophisticated receivers use the precise P-code for 
determining the range to the satellites to about 10 m. 
Roieivers capable of using these codes have a greater real- 
time positioning capability; however, the P-code is subject 
to encryption by t3te COD. This encryption, called anti- 
roofing (AS), prevents lamtahoiized users from taking full 
advant^ of the precSse rahgii^ infonnatibn. The DOD 
cam also degrade the reai-time positioning capability wifli 
selective availability (SA), wbk^ consists in adding signal 
noise to the carriers and dfegrading the accuracy of the 
broadcast ephemeris message. 

Even in the absence of SA and AS, P-code ranges are 
actually "pseudo ranges" to the satellites because they are 
contaminated by clock errors, atmospheric delay eirors, and 
orbital errors — this limits the accuracy of point positioning 
to approximately 10 m. If real-time positioning is not 
required, the effects of these errors on the precision of the 
positioning can be reduced by processing the data after the 
fact (i.e., post-processing). Most post-processing algorithms 
exploit the information contained in tracking the LI and L2 
carriers. When the satellites are tracked over some time 
interval, satellite ranges to the receiver change. These 
changes can be coarsely ^totmined by fee pseucb range, bat 
high-accuracy geodetic measurements require the more pre- 
cise raeaswMiOTte of the receiver's accumulated phase 
(Aservations. lono^heric delays are removed by using an 
ionosphere-free linear combination of the dual-frequency 
observables. These phase observables, and the pseudo 
ranges if present, are used from a network of ground receiv- 
ers to simultaneously estimate the positions, atmospheric 
corrections, and clock errors for the network and the clock 
errors and orbit errors of the GPS satellites. For the highest 
precision applications, 8 to 24 hours of data from a global 
network of receivers are used to estimate satellite and 
receiver parameters. In this global reference frame, relative 
st^on positions can be determined to a few millimeters in 
the k>rjzontal &td 2 cm is the vested over <Mstances 
of approximately 1 ,000 km (Heflin and others, 1992; Blewitt 
and others, 1992). 

Because near-real-time positioning is required for a 
volcano-monitoring and warning system, fte attendant 
accuracy vsit! be somewhat better than the current real-time 
accuracy but not necessarily as good as that obtained by 
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exiteitsive post-processng. In addition, to cleariy define 
tajgfid stm& e^esls preceding eruptions, it may be neoessaiy 
to ointais soletioiffi at sub-daily intervals. By conrfjiniag p<»t- 
proce^ing estimation tecimiqass with real-taae d^a ac<pi- 
sitioa, relasiveiy Mgh precision portioning at sub-daily 
istemis can be obtained. It is possible to calculate nearly 
continsKaiS relative positions of a receiver on a volcano at a 
precision level better Aan i cm, as we demonstrate in the 



A DEM ONSHIATION OF GPS 
CAPABILITY 

A worldwide network of 31 continuously operating P- 
code receivers is canreatfy being deployed for roixltixis geo- 
detic observations. A subset of 21 stations within the net- 
work was deployed in 1991 during a 3-week GPS 
experimeat (Heflin md oAets, 1992) to te^ &e ability of 
GPS to measure global geophysical parameters, such as 
polar motion and tectonic strain accumulation. Data from 
many of ^liese receivers were sFeH5<rtely rrtrieved over com- 
raercial phone lines on a daily basis. Analysis of the data to 
toeimine station locations was perfomied after the entire 
data set had been accsjmulated 

There were 210 baselines within the network having 
ieagfes rangir^ fsxm about 1 00 km to rwarly the diameter of 
tte Earfii. AM of flie data weie aoalyz^ a* the Jet Propulsion 
Laboratory (JPL) with an automated version of the GIPSY 
jHOCtssag s«ft««re (see Sovos asad BMPte, 1987, for a 
HHrtieraa&ai de»:ription) on Mkio-YAJC cojiqwaters. Cen- 
tral {socesarag unit (CPU) speed liaaited Ifee processing effi- 
ciejwy to mote feaa 1 day of CPU per Ssy of global network 
djrta. With cuarffltitiy available sfiate-of-the-art woricstatiosBS, 
pioc^rfi^ t!iWW0*jM be reduced to a few hours. Daily mea- 
mma&m precisions f<» b^elines (of 4 parts in 10' of the 
baseline length) were obtained from flie global network 
(Hcfiin and others, 1992). This level of precision was the 
highest yet obtained with GPS over such a wide range of 
bisdine l^igtbs and has b^ attributoi to %6 ^rei^ of &e 

Although the precise solutions discussed above were 
obtained daily, the temporal spacing of GPS baseline soiu- 
tikms caa be adjisted accofdSng to fee r^e a* wMdi ^ta are 
accunudated at the processing station and the precision that 
is required for a particular application. In the case of voica- 
!K>es, daily soliife}^ cdl«ct^ over a peiiod of I wc«k woald 
be sufficient to discern strain rates greater than a few milli- 
meters per day. If such a week-long survey suggested that 
this several-millii»eter-per-day thre^old was being 
exceeded, as for example during increased activity preceding 
an eruption, solutions could be calculated more frequently 
flian once per day. However, as the ftequeacy at which 



solutjois are calculated in^^scs^ the resolution of &e posi- 
tion estimates decreases, but not dramatically. 

There is another limit to the frequency at which solu- 
tions can be usefully cdculated. !n<kpendmt solutions at 
every data point (usually every 30-120 s) are currentiby not 
possible on a continuous basis because of the limitations of 
the |H%sent satellite cos^Uation. At least four satellites are 
required far independent solutions to be derived at every 
data point because, at every observation, the date from one 
statical are used to estimate its position in tihree dimensions 
and its time offset from GPS time. With ft® current GPS con- 
stellation, there are periods during the day when fewer than 
four satellites are visible. (Global 24-hour coverage witii 
four-satellites is expected to be available in 1993 when GPS 
becomes fully operational.) Positions can be calculated dur- 
ing periods when fewer than four satellites are visible by 
assuming iiat a stetion's positi^a is not completely indepen- 
dent from solution to soMcss. Because virtually all move- 
ments of the Earth's ciust axar at rates that are less that 
centimeters per tour, even on volcanc^s, it is genmlly rea- 
sonable to assume that a station's position is not excessively 
different from its position at earlier times or data points. That 
is, position esfitaates from one GPS observation to the next 
are not independent and can be modeled using process- 
noise-estimation tedhniques (Bierman, 1977). 

Process-ajise-estiisatiioiJ todwiqaes have bees ^plied 
to the estimation of static baselines of 22, 179, and 1,500 km 
with GPS field data to investigate strategies necessary to 
obtain reMvely prm^ sub-daSy solutions. Results ^ow 
that solution strength, as measured by the formal error of the 
solution and the accuracy of the estimate, is dominated by 
satellite geometry. Because the satellite geometry (fig. 2) 
varies throughout the day, there are times during which base- 
lines cannot be estimated independently at every observation 
epoch (figs. 3A, B). This results in noiKoatjiHiOttS essinaites 
of the baseline throughout the day. If a process-noise mode! 
is used to apply a weak constraint between the estimates, 
baseline estimates can be obtained during periods of poor 
satellite geometry (fig, 3C). This model relies on the f^&at 
tite .St^ba^:<tesa(^.i»ve:...aa::'exc«ssive aamouat l«tweeii 
dbservaHsons. In the example, a random-walk process-noise 
constraint for a rate of change of the receiver coordinates of 
40 axi/Jhr was used to estimate tibe station position of one 
of the stations. Solutions were estimated continuously using 
a 6-minute data interval. With this constraint and during the 
perio(fe of tfee best sateilte ^aEWtry,"fefom!^ errors Mi- 
cate that motions < 1 cm/hr sh<:^d be detectable in the 
length, transverse, and vertical compmmts with two hours 
of dJserv^oBS. This tate is m orcter of nrngnitucfe less tfeaaa 
that observed during the motA preceding the May 18 ^«p- 
tion of Mount St. Helens (Lipman and others, 1981). 

Based on Ae Mcmnt St Helens example, volcano mon- 
itoring for eruption prediction and aircraft warning may 
often require almost continuous calculation of receiver posi- 
tions. In certain instants, it msy event be vtseSf^ to calculate 
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positions hoarly, or even witiiin fiactions of an hour. The 
abovo r^ults and those from tlie 1991 experiment suggest 
that precursory volcanic deformation at sub-daily and daily 
inteEvals could be momk^ed witb pceci^n wMb a GPS 
volcano-monitonag network. On short baselines, an increase 
m the precision by a factor of about 2 could be obtained 
using ambiguity resolution (Blewitt, 1989). The outlook for 
less correlated solutions and incsreased sab-daily precision is 
good, giver, the continued filling of the GPS satellite constel- 
lation and increased ground-station distribution. 



A SYSTEM FOR IMPLEMENTATION 

OF REAL-TIME 
GPS MONITORING 

GPS provides the most realistic possibility for etiqrtion 
prediction based on monitoring surface deformation. The 
most important issues that need to be considered for real- 
time volcano monitoring with GPS are: (1) the hardware 
necesrary for collecting, retrieving, and analyzing the data in 
real time, (2) the analysis strategy used to detect ground 
deformation, and (3) the scientific insight required to inter- 
pret the deformation signals in terms of volcanic prw^es. 

The hardware necessary for the monitoring system is 
rather simple (fig. 4). A network of receivers is stationed on 



Figure 3 (ri^t). Sub-daily GPS baseline Ira^obtaiued for a 22- 
km baseline in California between station M7 ! 1 5a aid GOLD <at 

the Goldstone Deep Space Network facility). A, The plot shows the 
residual from a nominal value for baseline length. Solutions were es- 
timated each time a GPS measurement was saved by tie receiver. 
Eadi estimate for ise positsos of M71 ISa is tawCMnrdated wift fte 
jHssvious estimate. That is, the position of M71 15a is modeled as a 
white-noise process. Shaded regions are regions when the satellite 
geometry was insufficient to estimate the station position and clock. 
Vertical bars indicate = I sigma formal error in the baseline soIuticMS. 
B, Formal errors (dashed line) in the solutions from A track the po- 
sition dilution of pectsion (¥DOf, solid Itae) for ftese stati<a»s 
closely, suggesting that satellite geometry is the dominant error 
source for sub-daily solution strength, (The tail in the fomial error 
at the beginning of the data arc is caused by no data being collected 
at M7 11 5a for the first 100 minutes of the day.) C, Periods of bad 
sateBife geometry can be ^E«ned if fee ^tkm positiai is mod<*!d 
as being correlated from, one GPS observation to the next. In this ex- 
ample, only baseline length is plotted for a random-walk model of 
the station position. Vertical bars indicate ± ; sigma formal error in 
Ae baseline solution. This model is applied with process noise being 
added to tihe varmice at a late of 40 ots/a^ , rating in solatkms 
being obtained at every sample point, with a weak correlation from 
solution to solution. Periods when the station position could not be 
estimated with the white-noise m.odel are now spanned. The useful- 
ness of observations daring these periods depends on the magnitude 
of the ^gzml and the stmjig^ of ^ sateUile c<»istellate. 



the volcano to be monitored. There are two types of receivers 
available: coded and codeless. The main drawback of 
codeless receivm is Aeir lack of tracking fee P-code (pseudo 
mn^e), i^^tidtin^ m mot» iceqti^ Ifmcs of lock by iie 
receiver m &€ sstellile sgjaate. Wte lo^s of lock (cyde 
slips) occur, iM^ ms^ be rqpdred in iie analysis of tJbe data. 
For codeless receivers, tihis is a time-ccoaiming process tiat 
usually involves bringing together data from several receiv- 
ers in order to detect the cycle slip and properly correct foarit 
(Biewitt, 1990). Communication links between the vokano 
receivers ami a cmteal processing station, and between fee 
central process»g stettion and other receivers, must 
rely m tdem^em^ of <kta, sUm via commumcations sat- 
ellite or te!q)hone lii^. The link between &e central pro- 
cessing mxkm md tbi volcano i&i^vet needs to be real time, 
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Figure 4, Or.e possible design for a real-time, continuous, GPS volcano-monitoring system. Data 
collected at a volcano receiver are transmitted via modem to a central processing facility This facility 
also collects data from otber global and (or) local receivers. Data from all receive!^ are "added" to fee 
eSimatioD of the baselines between the volcano mcmitodng statiais aad the local and (or) global re- 
ceivers. The processing facility monitors the GPS baseline results for strain accelerations. This infor- 
mation is used to adjust the frequency with which data are obtained from the volcano station for 
estimaing relative motion. 



especially during high-strain-rate events. It is not necessary 
that data from the global stations, and from the volcano 
stations in times of quiescence, be retrieved in real time. This 
information can be added to the solution as it is acquired by 
the processing facility. 

The particular analysis strategy pursued at any one 
time represents a trade-off between a desired precision and 
the frequency at which solutions are calculated. Fortu- 
tsately, trade-off between precision and solution spacing 
is tnirrored in the physics relating ground deformation and 
eiupfcrve events. In tibe time period leading up to an 



eruption, strain rates are expected to be relatively high and 
strain magnitudes to be relatively large. During these 
petio<fc, more useful information wiU be dmved by «Jcu- 
lating more frequent, less precise positions than less fre- 
quent, more precise positions. When deformation is slow 
and an eruption is more likely to occur in the distant future, 
more precise solutions can be calculated less frequently. It 
is thus useful to exploit a flexible analysis strategy. 
Changes ia the relatively iiifre*|fleiit, yef precise, positions 
together with other eruptive precursors could be used to 
trigger higher time resolution analysis strategies. 
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Tlte GPS receivers mast be judiciously Rationed on a 

potentially active or hazardous volcano. Because of the 
impossibility of monitoriug ail volcanoes that might erupt 
fflfploavely, tiie system mas* be b^ed on portabfe receivers 
that can be deployed temporarily at potentially destructive 
volcanoes. At least two receivere should be deployed near 
the possabie entptive casflwr, if Ms can be detrnnined 
through seismic or geological methods, to exploit the magni- 
tude of the deformation signal there. Data from these receiv- 
ers are down-losiled daily to a centei processsig cemer. 
These data and data from other nearby stations and (or) glo- 
bal networks are then used to estimate baselines to the vol- 
cano stations, w*ich are interpreted to discern acceleratioBS 
in the movement of the positions of the volcano stations. 
This information is combined with other observations indi- 
cating increased activity and is used to aicrt the system to 
increase the frequency of solution calculation. Thus, the sys- 
tem must be sufficiently flexible to allow changes in the tem- 
poral ^adti^ between baseline solutions. GPS analysis 
sys^ms, ameB&y in opemtion, facilitate sti^amins ^ 
process of changing the frequency of soltition caioisflion. 
Solutions can be rapidly calculated and included in a new 
solution time line at the expense of older, outdated solutions. 

Efforts using GPS to monitor defoimation at volcanoes 
}»v« sbeady been ioM^ei. l^teiy of Ibese iavolw applica- 
tion of GPS techniques developed for measuring piate- 
boundaiy deformation to understanding regicmal cias^ 
movemeirts relied to vdksEKOTi. MsassM and Stein (199!) 
and Meertens and Smith (1991) have reported somewhat 
ambiguous results of regional GPS geodetic surveys at Long 
Valley and Yellow^cmetSEddbras in tiie United States. 'H^re 
have also been important advances in developing system.s 
useful for eruption prediction. Data from Unzen Volcano 
and Teshi Vol cano {Shimada and others, 1990) were ana- 
lyzed using standard post-processing tecte^^ ml showed 
tha* a ge<^etic signal was measured by <^S teoeiws th^ 
nrny have been usefel for prediction purposes if real-time 
processing been available. At L<HJg Vdley c^Mcm and 
.Augustine Volcano, Alaska, the U.S. Geological Surv^ and 
National Aeronautics and Space Administration are develop- 
ing near-real-time GPS monitoring systems for en^tion pre- 
diction. Any standardized GPS voicano-moniteing 
technique is still in the future, however. Receivers and tele- 
coBHiajnications equipment are still too expensive for rou- 
tine deployment. In addition, ^ described ^ove, fte 
saalyss techniques necessary to obtain ncar-rcal-time, pre- 
cise positions are still in the research-and-development 
stage. Rapid prepress on th^e two fronts surest dmt leal- 
time GPS mi<»itt»dng is iH>t an uns^isttc goal. 



CONCLUSIONS 

Although volcanoes represent an inherently complex 
physical system, eailii scientists have identified sevml types 



of phenomena, including ground deformation, Aat indicate 
an eruption may be imminent. Moreover, progress has been 
made in identifying how these features can be inteipreted to 
obtain a near-real-4ime eraptias-predictson capability. Our 
results suggest that the global positioning system will soon 
be able to provide precise, sub-daily, three-dimensional 
positioning infbmmtion to monitor rapid ground deforma- 
tion precedirg m eruption. In addition, GPS hsrdwa^ tech- 
nology is sufBdbE^ evolved that relatively inracpensive P- 
co<fe recdvers will be avdiabie in Ak near future to enable 
near-real-time data aalysis. It is the combination of a flex- 
ible precision and solution-calculation interval with near- 
reai-time analysis and communication that will define the 
optimum system for geodetic volcano monitoring, predic- 
tion, and aviation warning using GPS. 
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SELECTED GLOSSARY OF VOLCANOLOGY 
Am METEOROLOGY 



Active volcano. A volcano that is erupting or has erupted in recorded history. 

Ash. Finely fragmented particles of rocks and minerals less than 2 mm in diameter (less 
itian 0.063-mm diameter for fine ash) produced by explosive volcanic eruption. See 
also tephra, pyroclast, ejecta. 

Ash cloud. A cloud of volcanic ash and pyroclastic fragments, often ccsitainiitg gas^ and 
aerosols of volcanic origin, formed by volcanic explosion and carried by winds away 
fttsm an eruption column. Ash clouds arc often dark colored — ^brown to gray. Ash 
clouds irtay drift for hundreds to thousands of kilometers from their volcanic source. 
As aiit clouds become more dilute, they may be difficult to distinguish from 
meteorological cioa^. See also eruption cloud. 

Ash flow. A mixture of hot gases and ash, which may move down the flanfcs of a volcano 

or along the ground surface at high speed. See also pyroclastic flovj. 

Composite volcano. A steep-sided volcano composed of many layers of volcanic rocks, 
usually lava flows m& ash and pyroclastic deposits; also known as a stratovolcano. 

Dormaat vokano. A volcano that is mst. pffes^tly mipting \m% is considmd enable of 
doing so in the future. 

Eartiqaake. A sudden motion or trembling in the Earth caused by the sudden fracturing 
of a part of tihe Earth's crust. See also tre»u)r. 

Ejeola. General trana for material thrown ovA by a vdkano. See also pyroclast m& t^hra. 

Ernj^oii dead. A cloud of volcanic ash and other pyroclastic fragments, and vokaaic 

ga^ and aerosols, that forms by volcanic explosion. Eruption clouds are often daA 
colored — brown to gray. Often used interchangeably with plume or ash cloud. 

Eruption column. The vertical pillar of ash and gas that forms above a volcano at the 
time of eruption. Eruption columns from etiffitgetic enqjtions may rise to altitudes in 
excess of 100,000 ft (30 km). 

Fumarole. A vent on a volcano from which gases and vapors are emitted. 

Hawaiian eruption. An eruption characterized by the non-explosive eruption of fluid 
lava of basaltic composition. Hawaiian en5)tions generally pose no tiireat to aviation 
safety. 

Isobars. Lin^ on a weafeer map or dmt cotmecting points of equal pressure. 
Lapilli. Pyroclastic fragments with diameters b^een 2mi€4 mm. 
Lava. Molten rock that erupts from a volcano. 

Maprta. Natmaily occurring molten rock generated within the Earth that can be erupted 
as lava (x pyroclasts. 

Mesoscaie. Term used to refer to weather phenomena with systems of length of about 
1(K) fen, of velocity of ^oet 10 ts/s, aad with time scales of abmrt 3 hours. 

Millibar. A unit of atmospheric pressure equ&l to l/l(XM> bar, or 1,000 dynes per square 

centimeter. 

Mudflow. A general term for a flowing mass of predominantly fine-grained earth 
material mixed with water and possessing a high degree of fluidity during movement. 
The Indonesian term iahar is ote used interchjmgeably with mudflow. 
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Phi^lc erafrtian. A volcanic eruption or explosion of steam, mud, or <^te non-juveni!e 
material, generally caused by the heating and expansion of gimind water due to 
initeFlyiBg laapaa. 

PiiBtsB erspljoB. A toige exf^sive eruption thai egwats a steady, torbuieiit ^^im of 
ftapntedsd maigcm md sia^atic gas to foam m miption column that roay remh 
altiJa<fes to «icc^ of 100,0{» ft (30 km). 

Flame. Terra otim ised to dea:ribe th& elongated, downwind, dispersed portion of an 
eruptjoa cloud aoid ash cloud 

Pyrodast. An individual volcanic particle ejected during an eni^tion. For example, ash, 

lapilli, and volcanic bombs are pyroclasts. 

Pyrociastic flow. A turbulent flowing mass of fragmented volcanic m.aterials mixed with 
hot gases that may move downhill at high speed. Pyroclastic fiows rr.ay result from the 
collapse of tall en^tion columis or from spillover of ejected materials from erupting 
vents. See a!» ask flow. 

Rawinsoiide. Observ^ons of iq>per-air conditioiB, kcht<fir^ wkd direction and speed, 
teanper^e, pressure, aad relative humidity using sgmis ftom a radiosonde flwt is 

tracked with radar or a radio-direction finder. 

Seismometer. An instrument that detects earthquakes. 

Stratosphere. The outer layer of the atmosphere that overlies the tropopause and is above 
an altitude of about 10 to 20 km. 

Stratovolcano. A volcaiK) liiat h construct^ «f ■aMemA% Isrym of lava mS. pyroclastic 
deposits; also known as a composite volcano. 

Strombollan erafiddn. An ©r{^i<m co^sAig of short, (Mscrete, explosions which may 
eject pyroclasts for a fisw teas to a few haadfodsof fe« isrto fee air. Each explosicm may 
last for only a few seconds, and fliffire ms^ be p^es of teas of minates b€*wmi 

explosions. 

Tephra. A coiiective term for all violently ^©cto3 materials from craters or vents during 
volcanic enifrticHis. Ths» m^msis are eifter airtjcrae momei^rify or for a longer 

period of time depending primarily on the vigor of the eruption and the size of ejected 
fragments. Generally, coarser tephra are deposited closer to the erupting crater or vent 
and fmcr grained tephra are deposited farther away. Tephra inclu&s volcanic dust, ash, 
cinder, lapilli, bombs, and blocks. See also ejecta. 

Tmam:. A type of seianicity characterized fay continuous vibration of the giround related 
to tibe movement of magma and v<dcanic gas within or beneaft a volcano. 

Tropopause. An atmospheric transition zone located between tlie troposphere mi the 
stratosphere at an altitude of about ID to 20 km. In this region, temperattros and 
atmospheric stability begin to increase with increasing altitude. 

Troposphere. That portion of the atmosphere next to the Earth's surface in which 
temperature ^nerally decreases with altitude, ctoads ftnm, and weather systems ^d 

convection are active. 

Voicanic Volatile material, released during a volcanic eruption, that was previoudy 
dissolved in magma. The principal volcanic ga^s indh^ water vapor, cadwn dioxide, 
and suUur dioxide. 

Volcano. A vent or opening at the surface of the Earth through which magma erupts. Also 
the iandform that is produced by the erupted material accumulated around the vent 

Vulcanian eruption. A type of volcanic eruption characterized by short-duration, violent, 
explosive ejection of fragments of lava. Yiiicaniian erapdoh colifinis may reach 
aititwdss of 45,000 ft (15 km) or more. 



LIST OF SELECTED ACRONYMS 



A/C 


air condStiMiinfi* also ustA as shoithand for "aircraft" 


ACARS 


sirorftft ccraomnications sddF^sais and fKJtatiiia svstera 


ACC 


area control center 


ACMS 


aircraft condition mortitoring systems 


ADEOS 


advanced Earth observing satellite (Japan) 


ADKC 


atmospheric ^flfusion pai^cle-in-cell model (Lange, 1978) 


AEROS 


ARAC emer^encv resDonse ooeratin'^ system" see ARAC 


AES 


Atmospheric Environnient Service (Canada) 


AFGWC 


seeGWC 


AFSS 


aircraft flight service stations 


AFTN 


aeronautical fixed teiecornrnunications network (Australia) 


AGFS 


aviation gridded foi®cast system 


AGSO 


Australian Geological Survey Organization 


AGU 


American Cieorjhv^ical Union 


AIA 


Aerospace Industries Association of Amerirai 


AIAA 


American Institute of Aeronautics and Astron^idcs 


AlP 


aeronautical information publication 


ALPA 


Air l^fi^ ^It^ A^^soci^^^^ 


AMIC 


area rnanager-in- charge 


AOPA 


Aircraft Owners and Pilots Association 


APU 


aiixlHafv nower unit 


ARAC 


atmospheric release advisory c^>ability (U.S. E^psurtment of Eneigy) 


ARINC 




ARL 


Air Re^ionrce Laboratorv rNOAA^ 


ARO-NET 


Alaska region operational (cotnputer and) coitutiiiiiic^tioES networit 


ARSi 


Atrnospheric Research Systems, Inc. 


ARTCC 


air route traffic control center 


AS 


anti-siQofiria {"DOO encrvDtion of GPS P-code infotmatiorii 


ASD 


aircfaft ^teation displays 


AST 


Alsi'tdcsi Sl:andani Time 


ATA 


Air Tr&nsDort Associs&tioii 


ATC 




ATCSCC 


Air Traffic Control System Command Center ^(Vfe^'iii^teij D.C.) 


ATS 


air trafHc sfirvice'* also air ti^ffic svsl^ni 


AVADS 


airiv^nie volcatiic-asli'-det^tioii svstern 


AVHRR 








AVO 


Alaska Volcatio Olvservatorv 




Sfcv?'!^'^i*4 ix;f^??tK{^T* nrAi^Ti^t <7fT^f*r7!trv«" 
(SV£«kP;^ Wvai-iiv* |/iUUUoi. ^Uiivtas-Vi 


BOM 


]^ii<&^ of Meteorology (Australia) 


BUV 


li^ck^attered ultraviolet instmment 


BVE 


Bulletin of Volcanic Eruptions (Vo!cano!ogi<^l Sodety of Japjm) 




Civil Aviation Authority (Australia) 


CANHIM 


Cajia<iaii m«arg<^cy-response model 


CAT 


clear-air turbulence 


CAVW 


Catalog of Active Volcanoes and Solfatara Areas of the World 


CCD 


charge-coupled detector 


CLS 


CoIIecte Localisation Satellites (France) 


CMC 


Canadian Meteorological Centre 
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CNES 


Centre National d' Etudes Spatialcs (the French space ageresy) 


COSSA 


Office of Space Science and Application (Australia) 


CSfRO 


CcmtmonweaMi Scientific and Industrial Research Oraganization 


CSLP 


Center for Short-Li vcd Phenomena (Cambridge, Mass.) 


cvo 


Cascades Volcano Observatory (U.S. Geological Survey) 


CWA 


cei^ w«a&er adviawy 


cwsu 


Central (Center) Weather Service Unit 


DFDR 


digital flight-data recorder 


DiS 


dast-HiJectioR sy s*em 


DMSP 


defense meteorological satellite program (United States) 


DOD 


Department of Defense (United States) 


DOE 


Dqsartment of Energy (United Stat^) 


DUAT 


direct-user-access terminal 


DVI 


dust veil index 


ECC 


emergent^ coordination center 


ECS 


environmental control syst«n 


EDM 


electronic distance meter 


EFIS 


el«K:iron!c fligi;^ iffistrumettt sy^em 


EOT 


exhaust-gas temperature 


EOS 


Earth observing system (spacecraft) 


EPR 


engine pressure ratio 


ETA 


e^matedtime of arrival 


ETMS 


enhanced traffic managraent system 


FAA 


Federal Aviation Administration (United States) 


FADEC 


fitli-aufcority <figital electronic controls 


FAR 


Federal Aviation Regalaticai 


FIR 


flight-information region 


FSF 


Flight Safety Foundation 


FTIT 


torbine inlet temperature 


GAC 


global area coverage (data) 


GMS 


geostationary meteorological satellite 


GMT 


Greenwich Mean Time (equivalent to UTC) 


GOES 


geostationary orbiting (operational) environmental safellil» 


GOSTA 


Global Ocean Surface Temperature Atlas 


GPS 


g!<^al positioiang system 


GRIB 


gridded binary format 


GSFC 


Goddard Space Flight Center 


GTS 


gld?ai telecommunicaticHi system 


GVN 


Global Volcanism Network (Smithsonian Institution — formeriy SEAN) 


GWC 


Global Weather Central (U.S. Air Force); also AFGWC 


BARS 


high-altitude touting system 


HIPS 


high-resolution image-processin" system 


HIRS 


high-resolution infrared radiation sounder 


hk: 


high-piesstjre conipresa>r 


HFT 


high-pressure turbine 


lATA 


fntcmational Air Transport Association 


lAVCEI 


International Association of Volcanology and Chemistry of the Earth's Interior 


lAVW 


International Airways Volcano Watch 


ICAO 


Inteimtional Civil Aviation C^smization 


IFALPA 


International Federation of Air Liotie Pilots' AssociatScas 


!FC 


instrumeat flight conditions 


Irfv 


instoHBcait flight niles; see also VFR 


IFSD 


(engine) in-flight shut down 




instrument meteorological conditions 
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iNSU 


Institute ftsr Earth mi Hanetsay Sciences (Fnmei) 


IR 


infrared 


ITWS 


nitrated termmal weather system 


JAL 


J3|m Air Lines 


JMA 


Japan Meteorological AgeiKjy 


JPL 


Jet Propulsion Laboratoiy (Califoroaa Institute of Tecbnology) 


KLM 


Royal Dutch Airlines 


KLMO 


Kagoshima Local MeteoroI<^cal (M^eivatoiy ^part of JMA) 


LAC 


local area coverage (data) 


LLNL 


Lawrence Liventiore National Laboratoiy (Li verm ore, Calif.) 


LOWTRAN 


radiance/ttansmittance code developed by the U.S. Air F<xc@ 


LPT 


low-pressure turbine 


MAPS 


mesoscale analysis and prediction system 


McIDAS 


maaa-ccmqjrt®!- interactive data acc^ system 


MEDIC 


niete(»X)!ogfcai iat& intopolation coi^ 


METSIS 


meteorological satellite infomation system (Canada) 


MONOA 


Aif OS staticsj for moaitorijig pliysical-chetnjcai imameters 


MOU 


monoraadum of imcterstanding 


MSU 


microwave sounding unit 


MWO 


meteoroiogicai watch office 


MWP 


micrologics weather processor 


Hi 


fan speed 


N2, N2 


core (rotor) speed 


NASA 


National Aeronautics and Space Administration (United States) 


NAWAU 


national weather advisory unit 


NESDIS 


National Environmental Satellite Data and Information Service (NOAA) 


NEXRAD 


next-generafet! weaiter ra<br 


NGM 


nested grid model 


NOV 


nozzle guide vane 


KMC 


National Mt^eorological Center (Canada; Camp Springs., Md.; MeftKSitme, Aasfcrdia) 


NOAA 


National Oceanic aad AaaosifAeric Adntinistetios (United Slates) 


NOTAM 


notice to airmen 


NVM 


soB-voMe memory (featare of FADEQ 


NWP 


numerical weather-prediction (moddl) 


NWS 


National Weather Service 


OA 


objective analysis 


ORSTOM 


Research Institute for Cooperative Development (France) 


Pb 


burner pressure; burner static pressure 


PDOP 


position dilution of precision 


PDT 


Pacific Daylight Time; also abbreviation for Pendleton, Oreg. 


PEGASAS-VE 


pressure gage system for air-shocks by volcanic eruptions 


PIREP 


(also Pirep) pile* report 


PIRPSEV 


interdisciplinary research program for the forecasting of volcanic eruptions (France) 


PLA 


power lever ai^e 


PS3 


cc»«press»r di^^h^rge pressure; high-compressor static-discharge pressure 


PS3 


compressor-discharge pressure 


Pt2 


inlet total pressure 


*'t2.5 


fen-exit total pressure 


RAWPG 


regional aviation weather product generator 


RFC 


Regional Forecasting Center (part of BOM) 


RFE 


regional finite-element (model) 


I? HI 

JEvOi 


range-height indicator 


RISC 


re<faced inst3rticti<H» set chip 


RSAM 


real-time seismic-amplitude monitoring system 
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SA selective availability (GPS term) 

SAB SyiK^ptic Analysis Branch (of the NWS) 

SBUV soiMfbaidsscmet^ alaaviol^ instnimentt 

SEAN Scientific Event Alert Network (Smithsonian Institetion — now called GVN) 

SIGMET significant meteorological advisory 

SIGWX significant weather chart 

SlSMOl Argos station for monitoring seismic tremors and events 

SNR signal-to-noise ratio 

SOI southern oscillation index 

SVO Sakurajima Volcanological Observatory (Kyoto UnivCTsity, Japan) 

TDWR terminal Doppier weather radar 

TIROS te!evtsi<»i aaid infrared olserving (dsservsrtion) sattsllite 

TMU traffic management unit 

TOMS total ozone mapping spectrometer 

TOVS TIROS observational vertical sounder 

TRACON teiminai radar approach control 

TSC transportation system center 

UAV unmanned aircraft vehicle 

UCAR University Corporation for Atmospheric Research 

USPS U.S. Forest Service 

USGS U.S. Geological Survey 

UTC Coordinated Universal Time (also Universal Time Code; see also GMT, Zulu) 

UW University of Washington 

VAD velocity azimuth display (feature of NEXRAD) 

VADAS volcanic ash detection and aviation safety (study group) 

VAFTAD vol«nic ash foreca^ aan^cat and dis^persion mo<fel 

VAR volcanic activity report (form); cf., Fox, this volume, fig. 1 

VARTAM volcanic ash report to airmen 

VAW volcanic ash warning 

VAWS volcanic ash warning system 

VEI volcanic explosivity index 

VFR visual f!i^trul£s;s^ also IFR,IFC 

VISSR visible and infrared spin-scan radiometer 

VOR very high frequency omnidirectional radio range 

VSI Volcanological Survey of Indonesia 

VULCAN Volcanological/Airspace Liaison Committee-Australia/lndonesia 

VULCAN-AUS Australia-based working group of VULCAN 

VULC AH-IND Indonesia-based working gr<Hip of VULCAN 

VVP volume velocity processing 

VWS volcano watching system 

WAFS world-area forecast system 

WAIT We^em Australia Institute of Technology (now Curtin University of Technology) 

WFO weather forecast office 

WMO World Meteorolc^at! Or^ization 

WOVO World Oiganizatibn of Volcano Oteervatories 

WSFO Weather Service Forecast Office 

WSO Weaiher Services Office (AujtraJia) 

WWW Worid Weather Watch 

Zulu Coordinated Universal Time 
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